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(i)
SUMMARY
Investigations have been made into the nature of the 
carbanions formed on the ionisation of certain carbon acids in 
aqueous-hydroxide and alcohol-alkoxide media. The interaction 
between solvent and carbanion is discussed in terms of the observed 
kinetic behaviour.
A method has been developed for studying parallel 
detritiation reactions. Tritium nuclear magnetic resonance 
spectroscopy and radio-gas chromatography were used in conjunction 
with standard computing techniques to provide a reliable analysis of 
the kinetic data. This technique has been applied to a number of 
carbon acid mixtures, an unsyirmetrical ketone and a steroid, 
tritiated at two distinct sites in each system.
A kinetic study in a range of non-aqueous solvents has been
carried out using a modified detritiation technique. The role of
. . .  3the solvent m  the detritiation of H diethyl malonate by 
heterocyclic bases is discussed and a mechanism assigned to the 
exchange reaction.
The kinetics of ionisation of a number of nitroalkanes have 
been studied in highly basic media. Correlations between rate and
acidity function have been made and interpreted in terms of 
transition state structure. The inverse relationship between 
thermodynamic and kinetic acidities is discussed.
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ACKNOWLEDGEMENTS
I would like to express my sincere gratitude for the 
constant encouragement and support afforded me by my supervisor, 
Dr.J.R. Jones, during the course of this work. Many thanks are also 
due to my co-supervisors, Professor J.A. Elvidge, at Surrey and 
Professor E. Buncel, Chemistry Department, Queen's University, 
Kingston, Ontario, Canada.
I am indebted to Dr. G. Buist for his help in the computing 
work and use of the stopped-flcw equipment. I would also like to 
thank my colleagues in the Department of Chemistry for many 
interesting discussions.
(iii)
To Mum, Dad, Nan, 
and my future wife, Alison
(iv)
CONTENTS
SUMMARY
ACKNOWLEDGEMENTS 
DEDICATION 
CONTENTS
Page No.
1. Detritiation of Carbon Acids in Aqueous-
Hydroxide and Alcohol-Alkoxide Media. 1.
2. Detritiation of Carbon Acids Containing
More Than One Ionisable Site. 34.
3. Detritiation of Diethyl Malonate by
Heterocyclic Bases in Nan-Aqueous Solvents. 83.
4. Kinetics of Ionisation of Nitroalkanes. 121.
(i)
(ii)
(iii)
(iv)
CHAPTER C^ IE
DETRITIATION OF CARBON ACIDS IN AQUEOUS-HYDROXIDE 
AND ALCOHOL-AIKOXIDE MEDIA
1.1. INTRODUCTION
1.1.1. Proton Transfer Reactions
1.1.2. Measurorient of Rates of Proton Transfer
1.1.3. The Properties and Uses of Tritium
1.1.4. "Normal" Eigen Acids
1.2. EXPERIMENTAL
1.2.1. Solvents
1.2.2. Bases
1.2.3. Tritiation of compounds
1.2.4. Kinetics of Detritiation
1.3. RESULTS AND DISCUSSION
REFERENCES
1.1. INTRODUCTION
1.1.1. Proton Transfer Reactions
Proton transfer from one atcm to another is a fundamental 
reaction in chemistry, covering a wide variety of processes occuring 
as elementary steps in many reactions. In acid, base and enzyme 
catalysed reactions, proton transfer between catalyst and substrate 
is often a key step in the mechanism.'*'
The nature of the transfer process is quite simple, involving
the movement of a nucleus, the proton H+, without any attendant
electrons. No serious disorganisation of bonding electrons comes
into play. In his early studies, Bronsted used the proton transfer
process to classify an acid as a species having a tendency to lose a
2proton and a base as a species tending to add a proton.
Proton transfers occur over a wide range of velocities. Fast
reactions involving oxygen and nitrogen acids may be diffusion 
3 4controlled ' in the thermodynamically favoured direction, with 
rate coefficients of the order of 10^  - 10^ M ^  s \
whereas slower processes are exhibited in organic systems involving 
proton transfer from carbon.
One of the most simple reactions in solution which can be 
studied kinetically is the removal of a proton fran a carbon acid; 
that is an organic substance that when treated with a suitable base 
donates a proton to that base by fission of a C-H bend, thus
^C-H + Bv N ~C~ + BH+ (eqn. 1.1)
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Proton transfer from carbon acids occupy a central position 
in the study of chemical reactions and the development of kinetic 
theories. Simple structural modifications of the compounds give 
rise to a wide spectrum of acidities and reaction rates, from 
encounter controlled, to reactions having half-lives of many years.
Loss of a proton from a carbon acid yields its conjugate 
base, a carbanion, as a reaction intermediate. This is a 
negatively charged species in which a central carbon atom is 
attached to three groups through covalent bonding with an unshared 
pair of electrons completing the octet in the valence shell.
Carbanions may be stabilised by a variety of processes such
as inductive electron withdrawal, and by conjugative delocalisation
of the negative charge by resonance, the latter being most effective
when a heteroatom in the structure bears formal unit electron
charge. It is interesting to note that the kinetic acidity of a
carbon acid, and therefore carbanion stability, increases as the
amount of the 's' character contributed from carbon to the C-H bond
also increases. This hybridization factor is understood as 's'
orbitals are closer to the nucleus than 'p1 orbitals and therefore
5 6 7more able to support negative charge. ' '
In this study, two general classes of base, namely charged 
metal hydroxides and metal alkoxide bases, have been used to
generate carbanions by carbon-hydrogen bond clevage. The mechanism
and rate of proton transfer processes catalysed by base, will be
highly dependent upon the character of the reaction solvent.
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Solvation or selective solvation of a reactant or reactants, 
transition states and intermediates will play a vital role in the
Q Q IQ 11 lO
reaction. ' ' There will be a need to desolvate '
reactants and also a solvent reorganisation accompanying any 
structural and electronic reorganisation involving a change in 
orientation of solvent molecules. It must be remembered that in 
proton transfer from carbon, large solvation energies will be 
involved in generating the negatively charged carbanion, the rate of 
which will therefore be highly dependent on solvent character as 
well as the type of basic catalyst involved.
1.1.2. Measurement of Rates of Proton Transfer
Due to the wide range of rates exhibited in proton transfers
to and from carbon, a number of experimental techniques have been
utilised in their study. It is possible in certain systems to
measure directly the rate of a proton transfer step in a reaction.
When the reaction time scale is in the region of minutes or hours,
the appearance of product or disappearance of reactant may be
monitored. A wide range of direct techniques have been applied in
the study of the ionisation of nitroparaffins in aqueous solution
where changes in pH^, conductance^ and u.v. absorbance"^
have been observed. When the half-life of the proton transfer
-2process is in the order of 10 sec., the technique of nuclear
16magnetic resonance line broadening has been used, and in the
17millisecond region, stopped and continuous flow methods have 
been employed.
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In a small nurrber of cases, rates of proton transfer from
carbon occur extremely quickly, and chemical relaxation techniques 
18must be used. Here, a perturbation disturbs the chemical
equilibrium between reactants and products, resulting in a reaction
to attain a new equilibrium position which may be monitored by a
change in the u.v. absorbance of the solution. Proton transfers
-5 -9with half-lives in the range 10 - 10 seconds are quite rare
' . 19
but have been studied by the ultrasonic stationary method.
By far the most cormon method enployed in the study of proton 
transfers involving carbon, and, with stopped-flow techniques, the 
one used extensively in this work, is the kinetic measurement, by
hydrogen isotope exchange, of an overall reaction rate in which the
proton transfer process is involved, although not necessarily as the 
rate determining step.
With the advent of more advanced liquid scinti llation 
counters, tracer levels of the radioactive isotcpe of hydrogen, 
namely tritium, may be accurately measured enabling isotopic
exchange reactions between tritium and protiun to be performed.
Consider the general reaction scheme of the hydroxide-ion 
catalysed isotopic exchange of a labelled carbon acid RT in aqueous 
solution shewn below:
(eqn. 1.2) 
(eqn. 1.3)
R - T + OH
R + H20
k2
iR + HTO
> RH + OH
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If one assumes that the carbon acid is not appreciably 
dissociated in solution, and that the carbanion, R~, reaches only 
steady state concentrations, then if tritium is present in tracer 
concentration and k2)) bhe rate expression reduces to:
The protium - tritium exchange reaction is therefore followed 
by observing the first order loss of tritium labelled carbon acid 
with respect to reaction time.
However, the assumption that k2 »  k is not always valid. 
The intermediate formed by reaction between carbon acid (RCT) and 
base (B) may return to reactants at a rate comparable with the rate 
at which it goes on to products, viz.
ki . _ + ko
RCT + B ^-■■1 — RC-....TB ■■ > exchange (eqn. 1.5)
k—1
20 21 22 23The reaction is then said to involve internal return ' '  ' ,
with the rate expression given by:
rate of exchange referring to the proton transfer step and general 
base catalysis is observed. If k2 < k_^ , the observed rate 
constant does not refer to a simple proton transfer step, and, when
-d 6 0 /dt = kx [OH ] (RT) (eqn. 1.4)
-d CRCf]/dt = {kx k2/(k_1 + k2)} CrCT^ (eqn. 1.6)
For most carbon acid proton transfers in aqueous solution,
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carried out in aqueous solution, it has been argued that catalysis
cnly by hydroxide ion results due to its kinetically dominant 
24nature.
A large number of rates of proton transfer reactions 
involving carbon have been studied by the method of isotope 
exchange. The reactions generally exhibit general base catalysis 
implying that the rate of exchange is a true measure of the rate of 
proton transfer, allowing for a primary kinetic isotope effect, from 
carbon acid to general base.
1.1.3. The Properties and Uses of Tritium
With the discovery of tritium in 1934 by Rutherford and co-
25 . . .workers and the subsequent determination of its radioactive
nature , it has been used extensively as a label in organic
compounds and a tool for studying reaction mechanisms in solution.
Tritium emits lew energy pure b radiation with an average energy of
5.7 keV27, a half-life of 12.35 years and a maximum penetration in 
27air of 6mn.
Tritium is produced naturally in the upper atmosphere from 
nuclear reactions initiated by cosmic radiation, finding its way to 
the earth's surface in rain water. Artificially, tritium is 
produced by the bombardment of lithium-6, in the form of an alloy 
with magnesium or aluminium, with neutrons.
(eqn. 1.7)
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Seme of the tritium may be retained in the form of the tritide which 
can be liberated with acid.
Tritium is one of the least toxic of all radioisotopes and,
because of its low energy can be handled safely in most research
20 29 30laboratories with only modest precautions. ' '
The use of tritium as a label in organic compounds has been 
paralleled by the advent of inproved techniques in liquid 
scintillation counting. This is a vey sensitive and versatile 
method for measuring the amount of radioactivity in a given sairple. 
The radioactive material is simply dissolved in a solvent or solvent 
mixture containing an organic phosphor scintillator such as 2,5 
diphenyl oxazole. The emitted radiation is absorbed and its energy 
transferred, firstly to the solvent and subsequently to the 
phosphor. The phosphor then emits a scintillation of light photons 
which are absorbed by the photocathode of a photomultiplier tube and 
converted into an electronic pulse. The pulse is then anplified and 
registered as a count corresponding to the emission of a radioactive 
particle.
The efficiency of counting the radioactivity varies from
sample to sample due to the phenomena of chemical and colour 
. 31quenching. This decrease in counting efficiency is caused by 
processes interfering with the production of light in the liquid 
scintillant and its transmission to the photomultiplier tube of the 
counter. In chemical quenching, compounds in solution interfer with 
the energy transfer from the emitted radiation to the phosphor, the
- 0 -
energy being degraded without the emission of light. In colour 
quenching, coloured compounds absorb light emitted fran the phosphor 
preventing its detection.
In kinetic work, quenching is not a problem as the conpounds 
contained in each sample are essentially the same, and only the 
amount of tritium label varies. For calculations of activities and
specific activities, hcwever, quenching must be taken into
consideration and counting efficiency determined.
1.1.4. "Normal" Eigen Acids
The subject of the present chapter is the study of the base
catalysed hydrogen exchange reactions of a number of carbon acids.
For these compounds undergoing general base catalysis, it has been
shewn that a relationship exists between the reaction velocity and
base strength. From their work on nitramide decomposition by bases,
32Bronsted and Pederson proposed the relationship shewn:
kg = Gg (eqn. 1.8)
where Gg and 6 are constants for a given reaction and B is
confined to the range zero to unity. A large nuriber of such
Bronsted free energy relationships have been made, and used not only
to sunmarise data but also to determine changes in mechanism and
• . 33deducing transition state structure.
Although the Bronsted relationship is a linear correlation,
32deviations from such are to be expected.
Consider equation 1.9,
k1 v - ,SH + B r" S + EH (eqn. 1.9)
k-1
As the base strength is made stronger and stronger, the rate 
will become faster until eventually reaction occurs at every 
encounter between the acid and base molecules. Once this limit has 
been reached, further increases in base strength will have no effect, 
will therefore become constant and B will become equal to zero. 
If, however, the base strength is decreased then the rate of the 
reverse reaction k_^ will increase until the rate of reaction in 
this direction reaches its encounter controlled limit and no further 
increase in rate will be possible. In this case B will be equal to 
unity. It would, therefore, be expected for B to vary between its 
limiting values, and the linear relationship to be valid over only 
limited intervals.
Hcwever, for many years, all experimentally determined 
Bronsted relationships proved to be linear even over extended ranges 
of pK , as generally shown by slow proton transfer processes
a
1 34involving carbon. ' Only with the advent of fast reaction
techniques for the study of acid-base reactions in solution, as
3pioneered by Eigen , were the expected biphasic Bronsted plots 
obtained. This type of relationship was invariably found to exist 
for the extremely rapid proton transfers involving oxygen and 
nitrogen acids and bases, which Eigen termed to exhibit "normal 
behaviour". The essential characteristics of "normal" proton 
transfer occuring in aqueous solution are:
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a) Wien the transfer process is in the thermodynamically 
favoured direction, the rate of proton transfer will be 
diffusion controlled.
b) In the reverse direction, general base catalysis will be 
exhibited with a Bronsted coefficient of unity.
c) Deviations from Bronsted linearity are expected in the region
where the difference in pK between substrate and base isa
zero.
d) In the transition state, the proton will be virtually 
transferred, the exception being in the region close to Z\pK 
= 0.
e) As a consequence of this transition state behaviour, primary 
hydrogen isotope effects for the proton transfer process will 
be quite snail.
f
This initially led to the erroneous suggestion that the
identity of the atoms between which proton transfer was taking place
was important in determining the nature of Bronsted plots. In more
recent years however, sharply curved plots have been observed in
carbon acid systems. Long and co-workers noted this type of
35 36 3*7behaviour for a number of cyanocarbon acids, ' 9 and concluded
than to be fully "normal" in the Eigen sense. This work was
38 39followed by similar findings for chloroform 9 and
40 41phenylacetylene. ' This evidence would suggest that the
inherent reactivity of the species involved is probably the
Q A
controlling factor. This connection between reactivity and
42Bronsted plot curvature is supported by Marcus rate theory.
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The relationship (eqn. 1.10) involves the free energy of 
activation for a proton transfer process, A g  ^,
2
A g^ = n | A g o (eqn. i-io)L 4AgoJ
the standard free energy of reaction, Ag°, and a measure of the 
intrinsic reactivity of the system or the intrinsic barrier, AgJ. 
From this theory the Bronsted coefficient o< is given by equation 
1.11.
= d A g* = lTl + _Ag° "j (eqn. 1.11)
dAG° 2L 4A gJJ
Where o< is defined in the equation:
kA = Ga K* , kg = (l/K) (eqn. 1.12)
here k^ and kg are the catalytic constants for acid and base 
catalysis and K the conventional strength of the acid, or of the 
acid corresponding to the base. G^ and ©< are constants for a 
series of similar catalysts but depend upon the nature of the 
reaction and also on the solvent and temperature. Analogous
statements hold for GD and 6 .a
The curvature of the plot is then given by the rate of change 
of oc with A  G° or the second derivative of A g* with respect to 
A gc as shewn:
-fy- ~ l b ?  <eqn- 1,13>
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The theory therefore predicts a connection between curvature 
and reactivity. It indicates that intrinsically fast reactions 
(small AG* ) will shew large curvature and vice versa.
It was decided to study the base catalysed detritation of the 
following labelled carbon acids, containing different activating 
groups, in hydroxide-water and alcchol-alkoxide media, and to 
evaluate the role of the solvent interaction in such systems where 
vastly different carbanions may be formed.
Phenylacetylene is a typically weak carbon acid with a pKa
41 . .of approximately twsnty, exhibiting general base catalysis with
. . _i_ 41a catalytic coefficient of 0.99 ± 0.05 determined fran a series
of primary amine bases. A very low primary isotope effect of 1.34
has been reported by Long et al. in comparison studies using
43 40deuterium oxide and water , whereas Kresge observes no
primary isotope effect in initial rate experiments for hydroxide ion
and 1-Me imidazole as bases, both indicating that proton transfer is
not rate determining.
Chloroform exhibits similar properties to phenylacetylene 
41with a pK of 24.1 , shewing general base catalysis witha
. • 41a B coefficient of 1.12 ± 0.05 . Again a low primary hydrogen
H / D 44isotope effect is observed, k /k = 1.42 and a strongly
38positive entropy of activation of +15 e.u. present for the
aqueous detritation by hydroxide ion, probably due to desolvation of 
hydroxide ion and the subsequent release of water in the reaction.
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Dimethyl sulphone is again a weak carton acid with a pK ofa
45 .approximately 23 • General base catalysis has been detected with
a B coefficient of 1.1. All of these carbon acids have been termed 
"norml" in the Eigen sense.
The aromatic ketones, acetophenone and p-nitroacetophenone 
were chosen as typical carbon acids exhibiting slew proton transfer.
Two cyanocarbon acids were chosen for study. Early work by
35 . .Long and co-workers suggested that the aliphatic 1,4,-dicyano
35-2- butene (pK 21) was fully "normal", from the shape of its a
Bronsted plot. General base catalysis with B values of 0.94 and
0.98 were observed for phenolate and secondary amine systems, the
reverse rate being very nearly diffusion controlled. Hcwever, a
35fairly large primary hydrogen isotope effect of 3.9 , and an
unexpectedly large negative entropy of activation have been 
35found. Para-mtrcbenzylcyanide is a typical aromatic
37cyanocarbon acid wnth a B coefficient of 0.6 inplying slow 
proton transfer typical of processes involving carbon. In general, 
cyanocarbon acids react anomalously slowly with hydroxide ion. 
Clearly, the precise nature of proton transfer processes involving 
cyanocarbon acids is in need of clarification.
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1.2. EXPERIMENTAL
,1.2.1. Solvents
As is well kncwn, the strengths of bases in non-aqueous 
solvents may be drastically affected by the presence of traces of 
water and carbon dioxide. Stringent precautions were therefore 
taken in this study to ensure solvent purity. For the aqueous- 
hydroxide solutions, the water used was distilled, deionized and 
finally boiled out to render carbon dioxide free.
Dry methanol was prepared by refluxing absolute methanol (2 
litres), magnesium turnings (lOg) and iodine (lg), using a bubble 
column, protected by a calcium chloride filled guard tube, for three 
hours, then collecting the fraction which distilled at a constant
o o 46tenperature of 64.3 C (lit. b.pt. 64.94 C ). Dry ethanol was 
prepared likewise, the fraction boiling between 77.2 - 77.6°C 
being collected, (lit. b.pt 78.3°C^).
1.2.2. Bases
Stock sodium hydroxide solution was prepared by the addition 
of boiled-out CC^  - free distilled water (50 an ) to sodium 
hydroxide pellets (50g) in a flask. The mixture was thoroughly 
stirred, cooled and then left overnight. The resulting saturated 
solution was pipetted off and added to approximately two litres of 
boiled-out distilled water in a dispenser fitted with a calcium 
chloride filled guard tube.
- 15 -
Stock solutions of sodium methoxide and sodium ethoxide were 
prepared by adding freshly cut ribboned sodium metal, which had 
previously been washed with xylene and dry ether, to the respective 
dry alcohol under nitrogen in a dry box. These solutions were 
diluted with freshly distilled alcohol and stored in dessicators.
All stock solutions were standardised by titration with 
standard potassium hydrogen phthalate solution using phenolphthalein 
indicator.
The buffer tris- (hydroxymethyl) aminamethane, was used to
3study the hydroxide ion catalysed detritiation of H
phenylacetylene. The solid compound was dried under vacuum at
70°C before a stock solution was prepared, its concentration being
determined by titration with dilute hydrochloric acid using methyl
orange as indicator. The required hydroxide ion concentration was
47obtained using standard buffer composition data which was 
temperature corrected.
1.2.3. Initiation of conpounds
All conpounds were purified by either distillation or
recrystallisation prior to labelling. The complete methods used
for labelling the required carbon acids, and the resulting specific
activities are summarised in Table 1.1. All tritiated conpounds
were submitted for nmr analyses, as a natter of course, to establish
1 3radiochemical purity. The H and H nmr spectra of labelled 
para-nitroacetophenone are shown in Fig. 1.1. as an example.
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1.2.4. Kinetics of Detritiation
A stock solution of the labelled carbon acid under study was
prepared in dioxan, 10 / x I of this stock solution was then
transferred into a solutionn of the desired base, which had been
thermostated in a water bath at the required temperature for
approximately 30 minutes, and vigorously shaken to ensure thorough 
3mixing. 2 On aliquots of the solution were removed at intervals
3
and pipetted into toluene scintillator (10 cm ) and water
3
(10 an ) and the mixture vigorously shaken. The toluene layer was
3removed and dried over anhydrous sodium sulphate. 5 Cm aliquots 
were then counted for tritiun an the Beckman LS 100 Scintillation 
counter. A number of kinetic determinations were performed for each 
labelled carbon acid in the different media, with results for 
duplicate runs agreeing to within ± 3%.
For all kinetic runs, an experimental base concentration was 
determined by titration with standard potassium hydrogen phthalate, 
as well as a calculated concentration by dilution of the stock 
solution. The theoretical and experimental values agree to within 
± 2%.
When thermostating at 0°C was required, a Grant 
refrigeration unit was used and a mixture of water and car anti­
freeze used as a coolant in the bath. Care was taken to ensure that 
the pipette used for withdrawing samples from the reaction mixture 
was also kept at 0°C.
- 22 -
1.3.1. RESULTS AND DISCUSSION
The results obtained for the kinetics of detritiation of the 
various carbon acids are summarised in Tables 1.2 and 1.3. A 
typical plot obtained is shown in Fig 1.2, from data tabulated in 
Table 1.4.
It is normally expected that in carbon acid systems, the 
methoxide ion in methanol is a stronger base than the hydroxide ion 
in water. From the experimental results, this is shewn to be not 
necessarily the case. The results seem to fall into two distinct 
catagories, namely those carbon acids with k^- > kj^- and 
those where the expected k ^ -  > behaviour is observed.
In all cases, the rate of substrate detritiation in ethaxide-ethanol 
media was greater than that in methoxide-methanol as expected on the 
basis of known base strengths.
Consider the first group of compounds exhibiting the 
unexpected faster detritiation in hydroxide-water media. For the 
characteristic diffusion controlled reaction to be present in the 
thermodynamically favoured direction, i.e. "normal" behaviour, the 
fonration of a hydrogen bond between acid and base species must 
occur. However, it is commonly thought that this type of 
interaction is weak in carbanion systems.
Consider the carbanion species formed on the ionisations of 
chloroform, phenylacetylene and dimethyl sulphone. In the case of 
chloroform, the Cl^C anion will have a tetrahedral structure 
with negative charge localised in an sp orbital. No formal
- 23 -
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SAMPLE SAMPLING
t i m e /m i n s
COUNTS PER 
MINUTE Ct log Ct
1 0 141 300 5.150
2 3 100 500 5.000
3 6 73 000 4.865
4 9 53 100 4.725
5 12 42 700 4.630
6 15 32 700 4.515
7 18 25 800 4.410
8 21 17 700 4.250
9 24 14 300 4.155
10 27 9 800 3.990
TABLE 1.4.
DETRITIATION OF PARA-NITROACETOPHENONE AT 25 ± 0.1°C,
0.0501M. NaOH.
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resonance structures m y  be drawn and any structural rearrangement
will be negligible. Ionisation of phenylacetylene will leave a
localised electron pair in an sp hybrid orbital orthogonal to the
system of the carbon-carbon multiple bond.^ Again, in the
ionisation of dimethyl sulphone, charge is localised on carbon.
. 51Theoretical calculations have shown that there is no carbanion 
stabilization, by (d - p) tT interaction between the carbanion lone 
pair and sulphur 3d orbitals. It is more likely that electrostatic 
effects are important in the stabilisation of sulphonyl carbanions, 
with evidence that the tetrahedral structure of the sulphone is 
maintained^.
In the case of these three compounds, hydrogen bonding
between the generated carbanion and solvent water is present due to
39 50the unusual localised nature of the charge on the anion '
This behaviour brings about the faster than expected hydroxide ion 
reaction.
These findings would indicate that in the mechanism of 
isotope exchange, the separation of the proton transfer products 
eqn. 1.15 is rate determining with the proton transfer step itself 
acting as a pre-equilibrium eqn. 1.14 in the overall three-step 
reaction scheme"^'^ .
- 28 -
RT + B — ■ ^ R TB+ fast (eqn. 1.14)
RTB+ + HB+ ^— =* R HB+ + TB+ slew (eqn. 1.15)
R~HB+ RH + B fast (eqn. 1.16)
42 53Application of Marcus and Lewis-More 0' Ferrall rate
theories have confirmed that these carbon acids are "normal"
41 . .species , with the energy barrier for reversal of the proton
transfer step being lower than that for product formation. The 
conclusion concerning the nature of the substrates is a result of a 
feature in the rate theories whereby a process with a near unity 
Bronsted coefficient possesses a very late transition state and lew 
barrier for the reversal process. However, it must be remenbered 
that in these cases, the high Bronsted coefficient is a result of 
the proton transfer pre-equilibrium, rather than an indication of 
the structure of the transition state.
In the other group of compounds it would seem that carbanion
stability is enhanced by a certain amount of structural and
electronic rearrangement. In the case of the cyanocarbon acids, the
adjacent cyano group is able to stabilize negative charge through
resonance as well as by purely polar-field or inductive effects.
The carbanion formed is perhaps planar, by analogy with the anion 
_ 54
(CN)^ C , and does not possess localised negative charge. As 
expected the ketone compounds may be stabilised by resonance as well 
as by keto-enol tautomerism. This rearrangement does not permit the
- 29 -
formation of a hydrogen bond between carbanion and solvent water. 
Ihis reluctance of water in reacting with the carbanion is directly 
reflected in the anomalously slow rates for hydroxide ion and the 
respective carbon acid.
The results for the cyanocarbon acids indicate that , the 
original B values were high and support the evidence inferred by 
the fairly high primary. isotope effect, negative entropy of 
activation and lower B value, that they are not "normal" in the 
Eigen sense, and proton transfer occurs as expected in the rate 
determining step.
It has therefore been shown that proton transfer from carbon 
may be very rapid and sane carbon acids are Eigen "normal". By 
simply comparing the rates of detritiation of a carbon acid 
substrate in hydroxide-water and methoxide-methanol media, we have a 
useful probe into accessing the degree of "normality" of the proton 
transfer process.
- 30 -
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2.1. INTRODUCTION
2.1.1. Parallel Isotope Exchange in Carbon Acids
Many carbon acids contain more than one carbon-hydrogen bond.
These linkages may be identical in all respects, such as in acetone,
CH^COCH^, but whenever different hydrogen-containing groups are
present in a molecule, then the bonds therein are expected to
possess different properties. Non-equivalence may also arise from a
differing stereochemistry inposed on protons attached to a methylene
group which is part of a rigid ring system, for exanple in steroid
structures. High resolution nmr studies have also shown the
existence of non-equivalent diasteriotopic protons attached to
1 2"prochiral" carbon centres. ' It may be concluded that
variations in the rates of ionisation of carbon acids containing 
non-equivalent protons are to be expected even in the most simple of 
compounds, with the ionisation adjacent to the activating group 
being favoured.
Parallel isotopic exchange reactions have been studied by a 
variety of methods. In early research, mass spectroscopy was
heavily relied upon by Thcmas in studies on isofenchone and
. 3compounds containing the norbornyl framework, and steroid
systems. Nmr spectroscopy has been utilised in following parallel
H/D exchange reactions in the enolisation of unsymnetrical 
4 5 6ketones ' ' , although the need for mixed solvents in such studies
7
can lead to difficulties. More recently, as an alternative to 
studying the rates of detritiation of specifically labelled
coctpounds, a detritiation technique has been applied to a number of
- 35 -
simple unsymmetrical ketones labelled at different exchangeable 
8 9sites, ' and for the exo and endo hydrogens in a number of
camphors.^ This method can also be used to determine the pK&
values of alternative acidic sites in carbon acids.^ The method
used is similar to that presented here but suffers frcm the serious
drawback that the position and extent of tritium labelling is not
known with any confidence. The importance of parallel isotope
12 13exchange to biochemistry has also been demonstrated by Cooper '
14 .and Johnson m  their studies on the action of various enzymes on 
simple ami no-acids.
. . 32.1.2. Tritium Nuclear Magnetic Resonance ( Hnmr) Spectroscopy
It would seem relevant at this point to give a brief
introduction to the technique of tritium nuclear magnetic resonance
spectroscopy.^ In reaction mechanism studies, one of the
essential requirements when using a tritium labelled substrate is a
knowledge of the precise distribution of label in the compound.
16Traditional chemical degradation methods for determining
labelling patterns are very time consuming, but, with the advent in
17 181945 of nuclear magnetic resonance spectroscopy, ' and its
rapid development particularly. in the field of pulsed Fourier
transform, there now exists a "non-destructive" analytical method,
3Hnmr, for determining labelling patterns.
Seme properties of hydrogen and its isotopes are given in
Table 2.1, clearly showing tritium as an ideal nucleus for nmr
study. Naturally, however, the radioactive nature of tritium
3
hindered the development of Hnmr for a number of years until safe
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handling procedures had been devised, but with these problems 
solved, it became apparent that the radioactivity of tritium would 
be an asset, enabling the combination of nmr and liquid 
scintillation techiques in the study of many aspects of chemistry 
and biochemistry.
3 .H Nmr is capable of giving all the usual information
obtained from conventional nmr spectroscopy, and sometimes
19displays useful advantages. Its main features are summarised 
below:
1. The tritium nucleus has a high magnetogyric ratio and
subsequent high sensitivity to detection (ca. 21% above that of a 
proton). Less than 0.3mCi of radioactivity per site can be 
routinely detected using a pulsed Fourier Transform nmr spectrometer 
operating with quadrature detection.
2. Since tritium has a nuclear spin of 1/2, it has no
quadrupolar moment, so that very narrow signals are observed 
(cf H^nmr).
3. Referencing is easily accomplished by calculating a "ghost"
reference signal from the measured resonance frequency of 
internal TMS or DSS.
3
4. Very simple H spectra are obtained because:
(i) ' decoupling is carried out and
- 38 -
(ii) in general no coupling is observed since the
tritiated molecules rarely contain more than one tritium atom.
chemical shifts for a molecule are 
is already available a huge body of
3In conclusion, it is sufficient to say that Hnmr spectra
may now be obtained using relatively small amounts of radioactivity,
which, as a consequence of the magnetic properties of the nucleus
may be directly compared to the proton data, thus greatly
simplifying interpretation. The individual signals are sharp and
3
can be accurately integrated. The resolution in Hnmr
2spectroscopy is much better than m  Hnmr spectroscopy, because of 
3the higher H resonance frequency, which is consequently of great 
advantage in the analyses of generally labelled tritiated compounds. 
The intensity of the tritium signal, in proton decoupled spectra, 
gives directly the relative amounts of the isotope in each position. 
In some cases, further stereochemical information may be obtained by 
measuring H^ - ^H couplings in H^nmr spectra without proton 
spin decoupling.
2.1.3. Radio-Gas Chromatography
21This technique has been introduced in detail elsewhere.
In this study, radio-gas chromatography has been utilised in two 
ways. Firstly, to confirm radiochemical purity of compounds and 
secondly, in determining the proportion of each labelled species in 
a mixture of carbon acids. These findings may be directly compared
3 15. Since the H and H
usually exremely close,there
3
data on H spectra.
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3 .with Hnmr integration results. These findings are subsequently 
used in the computer analysis of the experimetal detritiation data.
2.1.4. Optimisation Techniques
With the advent of a large number of professionally written 
22confuting "packages" , in which experimetal data may be treated
as generally as possible, standard computing techiques are often
used in the solution of practical problems which would be
intractable by other means. The development of high speed computers
23has allowed "optimisation" techniques to be applied to the 
problems in hand. Here, the kinetic system under study is described 
in terms of a set number of parameters, which are then adjusted such 
that some criterion is obeyed. For systems in which the sampled 
data is not only a function of controlled parameters but also time, 
the usual criterion is the "least squares error" criterion.
In this treatment, a scalar quantity 'E', vtfiich is a function 
of *n' parameters 'x^ 1 ......  Ixn'' ir^ nimise^ *
i.e. minimise E = f(x1fx0, x j (eqn. 2.1)± z n
In this study, the progranme KIN2 (listed in Appendix I) has 
been used to carry out a multivariate optimisation by the "search" 
method of function evaluation, embodied in the "Simplex" 
routine.24,25,26 jn this procedure, the value of ’E' is tested 
near to an estimate of the solution. From the results generated, a 
direction of search, in which the minimum is expected to lie, is
- 40 -
indicated.
A regular simplex in N dimensions is a polyhedron with (N+l) 
vertices equidistant from one another. Thus for a 2- parameter 
search problem, the simplex is an equilateral triangle made up from 
three observation points, each corresponding to a given pair of co­
ordinates and a value of the objective function 'f'.
The best direction of search lies on the line joining the centre of 
the simplex to the centre of the face opposite to the vertex giving 
the highest 'E' value, in this case the point ,B*. A new point 'D', 
the reflection of B through PC, is therefore generated to give a new 
simplex PCD nearer the minimum. The process is iterative and 
continues until oscillations about the minimum occur, when the size 
of the simplex is reduced until the search criterion is attained.
In detritiation studies, the experimetal extent of 
detritiation, Pq^ s, may be chosen as a parameter,
B C
Pobs
Nt
No" N* (eqn. 2.2)
where Nq, and measure the radioactivity of the carbon
acid system at time zero, t and at the end of the reaction 
respectively, with P^g increasing from zero to unity as 
detritiation progresses. The error criterion used was the least 
squares function 'S' defined below:
S= 4  ( Pca!" Pobs)2 (eqn - 2 *3)
where n is the number of data points and P .j, the theoretical 
extent of detritiation defined as follows:
pcaT V 1 - e_kat) + xb(1 - e_kt>t) (eqn. 2.4)
with x& and x^ the tritium atom fractions and k&, k^ the
unknown first-order rate coefficients for sites a and b
respectively. The computer programme used, calculates Pq^s from
the experimental data which is then compared with the theoretical
Pca  ^ obtained from estimating and varying k& and k^ . This
calculation is performed for every data point until S is minimised.
3With the development of H nmr spectroscopy and radio-gas 
chromatography, xa and x^ are experimentally accessible and the 
problem a 2- parameter optimisation.
It was decided to study the detritiation of a number of 
carbon acid mixtures of acetophenones, thereby setting up a model 
system for studying parallel detritiation reactions, in which 
tritium atom fractions and rate ratios may be varied. With the
- 42 -
. . . 3knowledge of the tritium atom fraction from Hnmr and radio-gas
chromatography, a two-parameter optimisation computer programme was 
developed for the treatment of kinetic data, the results of which 
may be compared with literature values and graphically determined 
results.
The unsynmetrical ketone, methyl neopentyl ketone (I), and 
steroid, dehydroepiandrosterone (II), were chosen for study.
ch3 o
i ii
H3C - C - C H 2- C - C H 3 
CHg
(i) <m
In the case of the former compound, vastly different rate ratios
between the methyl and methylene acidic hydrogens adjacent to the
9
carbonyl group have been reported by Salomaa and co-jworkers, and 
27by Pernng. Obviously there is a need for clarification.
Dehydroepiandrosterone was chosen as an exanple of where 
differing stereochemistry might give rise to a difference in 
acidities of protons forming a methylene group which is part of 
rigid ring system.
19
HO-
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2.2. EXPERIMENTAL
2.2.1. Solvents and Bases
The solvents and bases used were prepared by the methods 
outlined in Chapter One. Dry t-butanol was prepared in the same 
manner as the other alcohols (b.pt. 81.6 - 81.8°C, lit.b.pt. 
82.5°C) 28
2.2.2. Tritiation of compounds
All compounds were purified by distillation or 
recrystallisation prior to labelling. Acetcphenone was prepared as 
in Chapter One. Tritiated p-dimethylami noacetophenone, m-
nitroacetophenone and p-brcmoacetophenone were prepared by adding
3
the ketone (0.2g) to dioxan (1.5cm ) in a hard glass ampoule. A 
pellet of crushed sodium hydroxide and finally tritiated water (5yml, 
50Ci/ml) were added. The ampoule was sealed and the contents 
allowed to stand at room temperature for 24 - 48 hours. The mixture 
was then added to water and the ketone which separated out was
3
extracted into benzene (10cm ). The solvent was then removed by 
passage through the solution of a stream of nitrogen gas. The 
specific activities of the labelled compounds so obtained were 2.98 
mCi/m.mole, 56.8 mCi/m.mole and 84 mCi/m.mole.
Methyl neopentyl ketone labelled in both the methylene and 
methyl groups o< to the carbonyl group was prepared by the following 
two methods:
3a) The freshly distilled carbon acid (2cm ) was added to the
- 44 -
29catalyst, tri s (trlphenylphosphine) ruthenium dichlonde (33mg),
in a glass ampoule. Tritiated water was introduced (5yil, 50Ci/ml) 
and the ampoule evacuated and sealed. The contents were then placed
in an oil bath at 200°C for one hour. The mixture was cooled and
‘ 3 3  then added to diethyl ether:water (30cm :30cm ), and the organic
layer removed and dried over anhydrous sodium sulphate. The ether
was removed using a rotary evaporator and the residue distilled, the
fraction boiling at 121 - 122°C being collected (lit.b.pt. 122 -
124°C) The specific activity of the product was 74mCi/cm^
3
b) Freshly distilled methyl neopentyl ketone (lan ) was placed
3■in a glass ampoule to which dioxan (1cm ) and a crushed pellet of 
sodium hydroxide was added. Tritiated water was introduced (5^ il, 
50Ci/ml) and the ampoule evacuated and sealed. The contents were 
placed in an oil.bath at 70°C for seventy-two hours. The solution
was cooled and added to anhydrous sodium sulphate, the specific
activity of the product being 60mCi/an .
Methyl neopentyl ketone specifically labelled in the terminal
methyl position adjacent to the carbonyl group was prepared by
tritiating the kinetic enolate of the ketone, formed by abstraction
of the least hindered proton, by a strongly hindered base, namely
31lithium dusopropylamide.
-3To diisopropylamine (3.98 x 10 moles) was added a
-3
solution of n-butyllithium in hexane (3.98 x 10 moles) and 
tetrahydrofuran (5cm^ ) at -77°C under an atmosphere of dry
- 45 -
nitrogen, thus generating the base. The mixture was stirred for
-3thirty minutes. Methyl neopentyl ketone (3.54 x 10 moles) in
3 .tetrahydrofuran (6cm ) was slowly added over a period of forty
minutes and stirred for a further twenty minutes.
Tritiated water (lOyul, 50Ci/ml) and distilled water (70 jx X, 3.98 x
-3 310 moles total) in tetrahydrofuran (6cm ) was then added over
forty minutes with stirring. The dry ice/acetone bath was removed
and the. temperature allowed to rise.
The solvent and amide were removed using a rotary evaporator
3and the ketone extracted into ether (30cm ). The solution was
3 3washed with dilute hyrdrochlonc acid (10cm ) and water (5cm ) 
before drying over anhydrous sodium sulphate. The ether was then 
removed on the rotary evaporator. The specific activity of the 
product was 72mCi/cm .
|H3 R *fH3 ?"Li+
H3C -C -C H 2- C - C H 3 +  LDA ------- * - H 3C -C -C H 2-C = C H 2 +  THO
c h3 c h3
kinetic enolate
CHo O 
I ** I
H3C -C -C H2-C -C H 2T +  LiOH 
CH3
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Tritiated dehydroepiandrosterone was prepared by adding the
3
steroid (30mg) to dioxan (0.5cm ) in an ampoule. A crushed pellet
of sodium hydroxide was then added and finally tritiated water (5yml,
50Ci/ml). The ampoule was evacuated, sealed and thermostated in an
oil bath at 80°C for twenty four hours. The mixture was added to
3 3chloroform: acetic acid (25cm : 25cm ) and the organic layer
subsequently removed and dried. The labelled product was recovered 
by freeze drying of the solvent, the resulting specific activity 
being 7.1mCi/m.mole.
2.2.3. Kinetic sample preparation
The required mixtures of tritiated carbon acids were prepared 
using the determined specific activities of the compounds in order 
to obtain the desired tritium distribution. Stock solutions of these 
mixtures and of methyl neopentyl ketone and dehydroepiandrosterone 
were prepared in dioxan. All samples were analysed by radio-gas 
chromatography and n.m.r. prior to detritiation kinetics.
2.2.4. Kinetics of Detritiation
The essential procedure has been outlined in Chapter One. 
Hcwever, as a consequence of the curve fitting nature of the 
experiment, between twenty and thirty aliquots were removed from the 
reaction mixture, ten samples being taken over the first 15% of the 
reaction. It can be seen from equation 2.2 that every sanple count 
leads to the calculation of a detritiation parameter, P^g, 
which incorporates values for the initial and final radioactivities, 
Nq and . Consequently, great iirportance is attached to these
values which were determined a number of times. As a matter of
- 47 -
routine, the reaction was studied over 90% of its duration.
2.2.5. Radio-Gas Chromatographic Analysis
Analysis was carried out on stock solutions of labelled 
carbon acid substrates in dioxan, using a modified Carlo Erba 
Fractovap 4200 instrument fitted with a 5% O Jl on chromosorb G 
column and microprocessor controlled temperature programming.
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2.3. RESULTS AND DISCUSSION
2.3.1. Kinetics of Detritiation of Carbon Acid Mixtures
In setting up a model system for studying parallel 
detritiation reactions, and developing a computer programme to do
so, an exact value of the tritium distribution in each carbon acid
. . 3mixture was required. All sanples were subjected to H nmr and
radio-gas chromatographic analyses, the results of which are given 
in Tables 2.2 and 2.3 respectively.
As can be seen from inspection of the results presented, 
there is good agreement between the independent methods. The mean 
values subsequently used in the computational treatment of kinetic 
data are given in Table 2.4.
The (^ H decoupled) n.m.r. spectrum and radio-gas 
chromatograms obtained for carbon acid mixture 5 are shown in Figs.
2.1 and 2.2 respectively, as examples of the results obtained.
The base catalysed second order rate constants k^-, for 
the detritiation of the given carbon acid mixtures, determined both 
graphically and by computer programme are given in Tables 2.5 .and 
2.6. An exaitple of an actual detritiation curve, that of carbon 
acid mixture sairple 2, is shown in Fig. 2.3 using data in Table 2.7.
As can be seen, when the rate ratio R, between most and least 
acidic sites is greater than approximately four, there is good 
agreement between rate constants determined from the two methods and
- 49 -
% RELATIVE TRITIUM INCORPORATION IN GIVEN CARBON ACID MIXTURES
SAMPLE ACETOPHENONE p-DIMETHYLAMINOACETOPHENONE
m-NITRO—
ACETOPHENONE
p-BROMO-
ACETOPHENONE
1 42.0 58.0
2 52.8 47.2
3 73.3 26.7
4 52.1 47.9
5 23.5 76.5
6 69.1 30.9
7 56.4 43.6
8 79.3 20.7
9 33.4 6 6 .6
TABLE 2.2.
% RELATIVE TRITIUM INCORPORATION IN CARBON ACID MIXTURES DETERMINED 
2
BY H nmr ANALYSIS. (average of three accumulations)
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% RELATIVE TRITIUM INCORPORATION IN GIVEN CARBON ACID MIXTURES
SAMPLE ACETOPHENONE p-DIMETHYLAMINO ACETOPHENONE
m-NITRO—
ACETOPHENONE
p-BROMO-
ACETOPHENONE
1 38.0 62.0
2 53.0 47.0
3 76.0 24.0
4 52.7 47.3
5 19.4 80.6
6 70.3 29.7
7 55.6 44.4
8 80.1 19.9
9 26.7 73.3
TABLE 2.3.
% RELATIVE TRITIUM INCORPORATION IN CARBON ACID MIXTURES DETERMINED 
BY RADIO-GAS CHROMATOGRAPHIC ANALYSIS.
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FIG. 2.2.
RADIO-GAS CHROMATOGRAMS OF CARBON ACID MIXTURE
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FIG, 2.3.
DETRITIATION CURVE OF CARBON ACID MIXTURE, SAMPLE 2, AT 25± 0.1°C, 
0.1295M NaOH.
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SAMPLE SAMPLING TIME/MINS COUNTS PER MINUTE Ct lO910Ct
1 0 238 100 5,375
2 2 225 200 5.355
3 4 224 100 5.350
4 7 206 300 5.315
5 10 194 900 5.290
6 . 13 178 000 5.250
7 16 169 600 5.230
8 20 159 300 5.200
9 25 145 100 5.160
10 30 135 300 5.130
11 35 123 900 5.095
12 40 115 300 5.060
13 50 103 100 5.015
14 60 95 400 4.980
15 70 84 900 4.930
16 100 70 BOO 4.850
17 120 62 800 4.800
18 140 56 600 4.755
19 170 49 100 4.690
20 200 41 600 4.620
21 230 35 500 4.550
22 06 2 000
TABLE 2.7.
DETRITIATION OF CARBON ACID MIXTURE, SAMPLE 2, AT 25 - 0.1°C, 0.1295M NaOH.
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r
s lo p e= -1 .8 9x 1 0 “2 m in~1 
\ k *  = 4. 5x10“ 2 min-"1
4.8
4.6
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40302010
time / minutes
FIG. 2.4.
PLOT OF RECALCULATED DATA (IN TABLE 2.8), CORRECTED FOR THE 
PRESENCE OF A SECOND DETRITIATING SPECIES.
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SAMPLE SAMPLING TIME/MINS RECALCULATED COUNTS PER MINUTE, Cr 1°910 Cr
1 0 122 400 5.090
2 2 110 300 5.045
3 4 101 500 5.005
4 7 88 300 4.945
5 10 76 800 4.885
6 13 68 200 4.835
7 16 59 500 4.775
8 20 49 900 4.700
9 25 40 800 4.610
10 30 32 800 4.515
11 35 26 600 4.425
TABLE 2.8.
RECALCULATION OF DATA IN TABLE 2.7. CORRECTED FOR THE PRESENCE OF 
A SECOND DETRITIATING SPECIES.
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also with literature values. When R is less than four, the 
graphical determination becomes inaccurate with back extrapolation 
difficult. For such low R values, only the computational treatment 
of kinetic data was performed, the results of which agree well with 
independently determined literature values. These initial studies 
using the KIN2 optimisation programme, and a knowledge of the 
distribution of tritium label in the mixtures, indicates the 
programme is generating satisfactory solutions for rate constants 
over a wide range of rate ratios.
2.3.2. Kinetics of Detritiation of Methyl Neopentyl Ketone
Due to the discrepancy of results in earlier work on this
compound, it was decided to prepare the compound, labelled in both
methyl and methylene positions adjacent to the carbonyl group, using
9both sodium hydroxide (as used by Salomaa et al. ) and tns-
. . . .  27(tripheiiylphosphine)ruthenium dichlonde (as used by Pernng ) as
catalysts. The % relative tritium incorporation in the two sites is
3shown m  Table 2.9, determined from the H nmr spectral 
integrations shown in Figs. 2.4 and 2.5. The results show that from 
both methods, the labelling pattern is very similar with the 
majority of tritium present in the terminal methyl position. The
3
H nmr spectrum of methyl neopentyl ketone specifically labelled 
in the terminal methyl position is shown in Fig. 2.6.
The results of the detritiation studies on |« - Hi methyl 
neopentyl ketone in hydroxide-water and alcohol-alkoxide media are 
given in Table 2.10. A typical detritiation curve is shown in Fig. 
2.7 using data in Table 2.11. From the results presented, which
- 61 -
% RELATIVE TRITIUM INCORPORATION
TRITIATION
CATALYST METHYL POSITION METHYLENE POSITION
TRIS-(TRIPHENYLPHOSPHINE) 
RUTHENIUM DICHLORIDE
72.5 27.5
SODIUM HYDROXIDE 76.9 23.1
TABLE 2.9.
% RELATIVE TRITIUM INCORPORATION IN ACIDIC POSITIONS IN METHYL 
NEOPENTYL KETONE.
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Ai 1H nmr SPECTRUM
9to 011 18 7 6 5 234
B: 3H T h  decoupled) nmr SPECTRUM
FIG. 2.4
Nmr 5PECTRA OF METHYL NEOPENTYL KETONE (LABELLED BY Ru CATALYST)
Ai 1H nmr SPECTRUM
METHYL NEOPENTYL KETONE
B: 3H (1H decoupled) nmr SPECTRUM
0 6
FIG. 2.5.
Nmr SPECTRA OF METHYL NEOPENTYL KETONE (LABELLED BY NaOH CATALYST)
- 64 -
FIG. 2.6.
3H (1H decoupled) nmr SPECTRUM OF SPECIFICALLY LABELLED 
METHYL NEOPENTYL KETONE.
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MEDIUM k ^ M ^ s ” 1 
(METHYL POSITION)
k2/M”1s“ 1 
(METHYLENE POSITION)
RATE RATIO 
k|/k2
OH” - H20a 2.24(-0.1) x 10” 3 8.6 6(-0.2 ) x 10"5 25.87
OH" - H20b 2 .2 1(-0.1) x 10"3 8.60(-0.2) x 10” 5 25.70
0Me“ - MeOHb 8.44(±0.3) x 10” 3 2.42(-0.1) x 10“ 4 34.88
OEt" - EtOHb 4.12(-0.1) x 10” 2 7.47(-0.3) x 10’ 4 55.15
a) labelled substrate prepared by Ru catalyst method.
b) labelled substrate prepared by NaOH catalyst method.
TABLE 2.10.
BASE CATALYSED SECOND-ORDER RATE CONSTANTS FOR DETRITIATION FROM 
THE TWO ACIDIC POSITIONS IN METHYL NEOPENTYL KETONE AT 25°C.
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FIG. 2.7.
DETRITIATION CURVE FOR METHYL NEOPENTYL KETONE AT 25± 0.1°C, 0.29B6M NaOH.
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SAMPLE SAMPLING TIME/MINS COUNTS PER MINUTE Ct l°g10ct
1 0 825 100 5.915
2 1 798 000 5.900
3 2 759 300 5.880
4 4 733 250 5.865
5 7 678 600 5.830
6 10 590 300 5.770
7 13 523 200 5.720
8 17 519 300 5.715
9 21 505 200 5.700
10 25 450 900 5.655
11 30 430 200 5.635
12 35 312 000 5.570
13 40 302 200 5.480
14 70 223 600 5.350
15 100 210 800 5.325
16 130 181 200 5.260
17 160 178 600 5.250
18 180 175 000 5.240
19 240 167 700 5.225
20 270 152 600 5.180
21 300 147 600 5.170
22 1 320 33 700 4.530
23 1 560 25 800 4.410
24 06 3 100 -
TABLE 2.11.
DETRITIATION OF K -  3H I METHYL NEOPENTYL KETONE AT 
25 t 0.1°C, 0.2986M NaOH.
-  6 8
5.7, _
Log C,
slope= —1.37 x 10“  min' 
kT =  3.15 x10” 2 min~1
5.5
5.3
3020100
time/minutes
FIG. 2.8.
PLOT OF RECALCULATED DATA (IN TABLE 2.12), CORRECTED FOR THE 
PRESENCE OF THE SECOND DETRITIATING SPECIES.
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SAMPLE SAMPLING TIME/MINS
RECALCULATED COUNTS 
PER MINUTE, Cr log10 Cr
1 0 582 100 5.765
2 1 562 300 5.750
3 2 530 900 5.725
* 4 501 200 5.700
5 7 441 600 5.645
6 10 393 550 5.595
7 13 350 800 5.545
8 17 298 500 5.475
9 21 260 000 5.415
10 25 223 900 5.350
TABLE 2.12.
RECALCULATION OF DATA IN TABLE 2.11. CORRECTED FOR THE PRESENCE 
OF A SECOND DETRITIATING SPECIES.
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were determined both graphically and by computing, it is evident 
that methyl neopentyl ketone possesses hydrogens with a healthy 
rate difference. Table 2.13 collates the values for methyl 
neopentyl ketone, by several groups of workers, and, as may be seen
the results presented in this work compare favourably with those of
27 6Perring and Warkentin. It must be remembered that in the
latter work, the rate of deprotonation of methyl neopentyl ketone
was studied in a mixed solvent system. However, it may be assumed
that isotope effects are identical for both of- positions and the
rate ratio compared with the detritiation results.
The detritiation results in alcohol-alkoxide media, confirm 
that the small magnitude of the detritiation rate constant for
3
H in methyl neopentyl ketone almost certainly arises from
steric effects, with the rate ratio increasing with increase in
size of the alkoxide ion as expected. A plot of the Hamnett
substituent coefficient 'E 1 against the logarithm of methylenes
rates in aqueous media, shewn in Fig 2.9, suggests that methyl 
neopentyl ketone is behaving as expected in a reaction dominated by 
steric control.
The second-order rate constant for the detritiation of methyl
neopentyl ketone specifically labelled in the methyl group, in
-3 -1 -1hydroxide-water media was determined as 2.12 x 10 M s , 
which compares very favourably with the value of
2.2 x 10 M ^  s-1 determined in the parallel detritiation
studies.
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In conclusion it is apparent from these results that
Salomaa's value of 2.24 for the rate ratio is in error. This is
most probably due to the lack of knowledge of the tritium
distribution from any nmr analyses, with the resulting three
parameter optimisation procedure giving rise to an erroneous
conclusion due to the ill-defined nature of the error surface
3
generated. By tritiating (<*- H) methyl necpentyl ketone using 
both tris- (triphenylphosphine) ruthenium dichloride and sodium 
hydroxide as catalysts, any doubt that some adventitious tritiated 
species had been generated by the use of the ruthenium catalyst in 
the tritiation procedure, which may have produced incorrect 
detritiation data, has been removed.
2.3.3. Kinetics of Detritiation by Dehydroepiandrosterone
The and (^ H decoupled) nmr spectra for
dehydroepiandrosterone, labelled at the C(16) position, are shewn in
3Fig 2.10. Frcm the integration of the H spectrum, the tritium 
distribution between the C(16) labile positions (chemical shifts
1.98 and 2.38) seems to be equal. The results of the detritiation 
studies are given overleaf.
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A^H nmr SPECTRUM
T ----------------1-----------------1----------------1---------------- 1----------------1-------  1-----------------1---------------- 1----------------1----------------1--------------- 1
11 10 9 8 7 6 5 4 3 2 1 0
B:^H (1H decoupled) nmr SPECTRUM
S_J
FIG. 2.10.
Nmr SPECTRA OF DEHVDROEPIANDROSTERONE.
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MEDIUM 2nd-0RDER RATE 
CONSTANrS/M-1s_1
OH - YLp 1.51 x 10-3
(1.51 x 10 J)-3. 27
T^BuO" - BuOH 0.235
No curvature was detected in the graphical analysis of the 
detritiation data in either medium. The nature of the optimisation 
programme gave rise to two rate constants bridging across the true 
value by only ±0.05%. It must therefore be concluded that there is 
no difference in kinetic acidity between C(16) hydrogens adjacent to 
the carbonyl group, even though a significant rate ratio may have 
been expected for methylene protons in a rigid ring system. In the 
case of dehydroepiandrosterone,
the oi -  hydrogens at C(16) subtend the same angle to the carbonyl 
group and render stereoelectronic effects equal. Any difference in 
kinetic acidities would have been due to purely stereochemical 
factors, but, in spite of the presence of the C(19) angular methyl 
group, the C(16) protons are still both quite open to attack even by 
a bulky base such as tert-butoxide in butanol.
O
HO-
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In this study, it has been shown that it is possible to 
investigate parallel isotope exchange reactions by a detritiation 
technique involving the treatment of data by both graphical and 
computing methods, the latter being made much more reliable by an 
accurate knowledge of the tritium atom fraction determined by 
tritium nuclear magnetic resonance and radio-gas chromatographic 
analyses.
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LISTING OF KIN2 OPTIMISATION PROGRAMME
0011 REH KIN2 HAY 82 JPD
0049 REH NO GRAPHICS ROUTINES REQUIRED
0050 REH BEGINNING OF PROGRAH
0099 PRINT
0100 PRINT ’ PROGRAH KIN2==HAY 82==JPD’
0110 DIH X(3,3),Y<2),B$(3),A(3,80)
0150 PRINT ’ TYPE 1 TO HINIHIZE RELATIVE DEVIATIONS,’
0151 PRINT ’ 2 TO HINIHIZE ABSOLUTE DEVIATIONS:’
0155 INPUT KO
0200 PRINT ’ TOTAL NO. OF POINTS:’
0210 INPUT H 
0215 LET K=1
0220 PRINT ’ INITIAL COUNT:’
0230 INPUT Cl
0240 PRINT ’ FINAL COUNT:’
0250 INPUT C9 
0255 LET C5=C1-C9
0257 PRINT ’ ENTER X’ :
0258 INPUT X3
0260 PRINT ’ ENTER INITIAL K1 AND K2’
0270 FOR 1=1 TO 2 
0280 INPUT Y( I )
0290 NEXT I 
0295 PRINT
0300 PRINT ’ INITIAL DELTA:’
0305 INPUT D 
0307 LET E=D
0310 PRINT ’ NO. OF ITERATIONS REQD.:’
0315 INPUT N1 
0380 LET 10=1 
0385 LET J=-2
0390 IF K>1 THEN GO TO 0550 
0470 PRINT
0480 PRINT ’ OPTION (1 OR 2 ) : ’
0485 INPUT K
0490 ON K GO TO 0500,0525
0500 PRINT ’ ENTER VALUES OF TIHE AND COUNTS:’
0505 FOR 1=1 TO H 
0510 INPUT A (1 ,I) ,A (2 ,I)
0515 NEXT I 
0520 GO TO 0550 
0525 GQSUB 2000 
0530 GO TO 0550 
0550 PRINT
0560 PRINT ’ K1 K2 STD.DEV.’
0640 LET X(1,1)=Y(1>
0650 LET X(2,1)=Y(2)
0670 IF J<0 THEN GO TO 1060 
0680 LET X(1,2)=Y(1)U1+0.02IE)
0690 LET X(2,2>=Y<2)
0700 LET X tl,3 )= Y < l)* (1+0.01IE)
0710 LET X (2,3)=Y (2)I(H 1 .732 IE )
0770 FOR N=1 TO 3
0775 IF K0=2 THEN GO TO 0785
0780 GOSUB 5000
0782 GOTO 0790
0785 GOSUB 5100
0790 NEXT N
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vtJM Lhl 1=5 
0810 LET J=0 
0830 LET J=J+1 
0840 LET N=1 
0850 FOR 1=2 TO 3
0860 IF X(3,I)<X(3,N ) THEN 60T0 0880 
0870 LET N=I 
0880 NEXT I
0890 IF N=T THEN GOTO 0960 
0900 LET T=N
0910 LET X ( lfN )= X {l,l)+ X (l,2 )+ X (lf 3 )-2 tX (l,N )
0920 LET X (2,N)=X(2,l)+X(2,2)+X(2,3)-2tX(2,N )
0935 IF K0=2 THEN BOTO 0945
0940 BOSUB 5000
0942 60T0 0950
0945 BOSUB 5100
0950 IF iJ<49.5 THEN BOTO 0830
0960 LET N=1
0970 FOR 1=2 TO 3
0980 IF X(3,I)>X(3,N ) THEN BOTO 1000 
0990 LET N=I 
1000 NEXT I 
1020 LET E=E/2
1040 PRINT ’ ITERATION NO.’ : 10: TAB(20):J : ’ CYCLES’
1050 60T0 1080 
1060 LET N=1
1065 IF K0=2 THEN 60T0 1075
1070 BOSUB 5000
1072 60T0 1080
1075 BOSUB 5100
1080 LET Q=SQR(X(3,N)/(H-1))
1090 PRINT X (1,N ),X (2,N ),0  
1100 IF J<0 THEN BOTO 0680 
1110 LET Y<1)=X(1,N)
1120 LET Y(2)=X(2,N)
1140 IF I0=N1 THEN BOTO 1270 
1150 LET 10=10+1 
1220 BOTO 0640 
1270 PRINT
1275 PRINT ’ TYPE 1 IF LIST RE8D., OTHERWISE O’ :
1276 INPUT J
1277 IF J=0 THEN BOTO 1370
1278 PRINT
1280 PRINT ’ NO. TINE COUNTS(OBS) COUNTS(CALC)J:
1282 IF K0=2 THEN BOTO 1285
1284 PRINT TAB(5 3 ):*X’ :
1285 PRINT TAB(53):
1288 PRINT ’ DEV.’
1290 FOR 1=1 TO H
1295 IF ABS(I/2G-INT(I/2Q))>0.01 THEN GOTO 1300
1296 PRINT ’ PRESS RETURN TO CONTINUE’ :
1297 INPUT B$
1300 LET C 3=X 3 t(l-E X P (-Y (l)tA (l,I)))
1310 LET A (3 ,1 )=C l-C 5t(C 3 + (l-X 3 )t(l-E X P (-Y (2 )tA (l,I)) ) )
1315 IF K0=2 THEN GOTO 1325 
1320 LET D 1=(A (3 ,1 )-A (2 ,I))/A (2 ,I)
1322 BOTO 1340
1325 LET D 1=A (3,I)-A (2,I)
1340 PRINT I :  TAB(5 ):A(1f I ): TAB(21):A(2,I): TAB(37):A(3,I): TAB(53): 
1345 IF K0=2 THEN 60TO 1355
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1350 PRINT <0.HINTI1000ID1+0.5))
1352 60T0 1360
1355 PRINT (O.OltINTIlOOtDl+O.5))
1360 NEXT I 
1370 PRINT
1390 PRINT ’ STD.DEV. =’ :8 
1400 PRINT
1410 PRINT ’ OPTION (1-5)
1420 INPUT K
1430 ON K GOTO 0200, 0260, 0300, 0310, 1500 
1440 STOP
1500 PRINT ’ TYPE NOS. OF FOINTS TO BE REJECTED, IN ORDER.’
1505 PRINT ’ TYPE 0 TO TERMINATE.*
1510 PRINT ’ NO.’ :
1515 INPUT J1
1520 LET J2=0
1525 FOR 1=1 TO H
1530 IF I+J2>H THEN GOTO 1575
1535 IF IO J1-J2 THEN GOTO 1560
1540 PRINT ’ NO.’ :
1545 INPUT 31
1550 LET J2=J2+1
1555 GOTO 1530
1560 LET A ll,I)= A (1 ,I+ J 2 ) .
1565 LET A (2 ,I)= A (2 ,1+32)
1570 NEXT I 
1575 LET H=I-1
1580 PRINT ’ TOTAL NO. OF POINTS NOH’ :H 
1585 GOTO 0220
2000 DATA 0 .2 ,0 .4 ,0 .5 ,0 .6 ,0 .8 ,1 .0 ,1 .2 ,1 .4 2 ,1 .6 ,1 .8 ,2 .0
2001 DATA 2 .2 5 ,2 .5 ,2 .7 5 ,3 .0 ,3 .2 5 ,3 .5 ,3 .8 5 ,4 .2 5 ,4 .6 ,5 .0
2002 DATA 5 .4 ,5 .8 ,6 .6 ,7 .1 ,7 .5 ,8 .1 ,8 .7 ,9 .2 5 ,1 0 .4
2003 DATA 29B576,281750,270518,254571,232600,222986
2004 DATA 207798,192309,178338,167651,151471,142542
2005 DATA 132532,120943,109588,101743,91700,82087,73745
2006 DATA 67824,60315,52169,44668,36576,30773,27636,24468
2007 DATA 20553,18270,14168 
2020 FOR N=1 TO 2
2030 FOR 1=1 TO N 
2040 READ AIN ,I)
2050 NEXT I 
2060 NEXT N 
2065 RESTORE 
2070 RETURN 
5000 LET 8=0 
5010 LET X1=X(1,N)
5020 LET X2=XI2,N)
5040 FOR 1=1 TO H
5045 LET A(3,I)=Cl-C5t(X3111-EXP I-X ItA 11 ,1) ) ) + ( l-X 3 )$ (l-E X P (-X 2 > A ll,I)) ) )
5050 LET 8 = B + ((A (3 ,I)-A (2 ,I> )/A (2 ,I))A2
5060 NEXT I
5070 LET X(3,N)=8
5095 RETURN
5100 LET 8=0
5110 LET X1=XI1,N)
5120 LET X2=X(2,N)
5140 FOR 1=1 TO H
5145 LET A (3 ,I)= C l-C 5 l(X 3 lll-E X P I-X llA (2 ,I))) + l l-X 3 ) l( l -E X P (-X 2 tA ( l, I ) ) ))
5150 LET B =8+(A (3 ,1 )-A I2 ,I))A2
5160 NEXT 1
5170 LET X(3,N)=8
5195 RETURN
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CHAPTER THREE
DETRITIATION CF DIETHYL MALONATE BY HETEROCYCLIC 
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Malonate in Dimethyl Sulphoxide Madia
33.3.2. Base Catalysed Detritiation of H Diethyl
Malonate in Various Solvents
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3.1. INTRODUCTION
3.1.1. Proton Transfer from Carbon Acids in Non-Aqueous Solvents
The large amount of thermodynamic and kinetic data existing 
for proton transfer to and from carbon almost entirely refers to 
aqueous and mixed solvent systems, with relatively few studies being 
carried out in entirely non-aqueous solvents.
As is well known, organic compound acidity varies from those
stronger than mineral acids to compounds such as methane (pK 40),a
the acidity of which is virtually undetectable.^ A large number 
2 3of methods ' have been utilised for measuring the thermodynamic
4
acidity of carbon acids. In a classic paper, Conant and Wheland 
ranked a number of weak carbon acids in an acidity scale which was
5
later expanded and made more quantitative by McEwen . In these 
studies, sodium or potassium salts of the carbon acids in ether were 
prepared and treated with other carbon acids. The equilibrium 
constants between the two salts and the two carbon acids were 
estimated colorimetrically.
More recently, for those carbon acids in the 10 - 20 pKa
6 7range, measurements have been made potentiometrically ' ,
8 9spectrophotcmetrically and by an acidity function approach,
using nitroaniline and nitrodiphenylamine indicators."^ The
latter method has been extended into the 20 — 30 pK range usinga
11 12hydrocarbon indicators. '
A large amount of pK data has also been generated using
cl
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- 13dimethyl sulphoxide - OH - ^ 0  mixed solvent systems , based
on the ability of dimethyl sulphoxide to increase markedly the
basicity of an aqueous hydroxide solution and therefore the rates of
14many base catalysed reactions.
A limited number of thermodynamic acidity determinations have
been carried out in non-aqueous systems such as : potassium amide in
15 16liquid ammonia , lithium cyclohexylamide in cyclohexylamine ,
17 .methoxide ion m  methanol , and methoxide ion m  methanol-
18dimethyl sulphoxide. In general, the systems are quite
difficult to work in and absolute pK values difficult to obtain.*  a
19More recently however, Bordwell and co-workers have generated a 
large amount of data concerning the absolute thermodynamic acidities 
of organic compounds such as sulphones, nitroalkanes, ketones, 
nitriles, sulphoxides and hydrocarbons in dimethyl sulphoxide media 
using a spectrophotometric method. A certain amount of work
concerning kinetic acidities in non-aqueous sytems has led to the 
publication of a few Bronsted correlations by the groups of Cram, 
Streitweiser jr., and Ritchie.
There is new a need for extensive work to be carried out on 
the kinetics of ionisation of carbon acids in a variety of non- 
aqueous media. Amongst the many indirect methods for measuring 
rates of proton transfer reactions, that of halogenation has been 
most widely used in aqueous systems. However, the nature of the 
systems under study means that this method cannot be applied to 
investigations involving non-aqueous solvents.
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The use of hydrogen-tritium isotopic exchange for the direct 
measurement of the rates of carbon acid ionisation has became firmly 
established in aqueous and alcohol medial In the present study, a 
modified detritiation method has been developed for determining the 
kinetic acidity of carbon acids in a number of non-aqueous solvents. 
As a logical extension to the work of Bordwell et al., dimethyl 
sulphoxide was the first solvent used. It was decided to study the 
detritiation of diethyl malonate labelled in the methylene position 
catalysed by a series of heterocyclic bases in this solvent, and to 
extend the study to other dipolar aprotic solvents such as 
dimethylforiramide, sulpholane and hexamethylphosphoramide, the 
protic solvent ethanol and the non-polar aprotic cyclic ester 
tetrahydrofuran.
By studying carbon acid detritiations in these solvents and 
by applying radio-gas chromatographic techniques, it was hoped to 
evaluate the importance of the solvent in the reaction, and to 
assign a mechanism to the proton transfer process.
3.1.2. Dipolar Aprotic Solvents
It would seen appropriate at this point to introduce the 
class of solvents known as dipolar aprotic solvents.
A solvent can in only a few isolated cases, be regarded as an 
inert medium in which the solute has a statistical distribution 
determined only by an entropy increase as the driving force. The 
solvent will nearly always interact specifically with the solute in 
order to remove it from its original surroundings. The solvation
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energy resulting from the interaction between solvent and solute 
particles must, therefore, serve to overcome both the cohesive 
energy of the solute particles and, in part, the cohesive energy of 
the solvent molecules.
As can be seen in Table 3.1, dipolar aprotic solvents have
dielectric constants £ in the range of 15 - 50. All the molecules
possess a large dipole moment in excess of 2.5D. They are non
hydrogen bond donors, but good hydrogen bond acceptor compounds.
All the protons are strongly bound and the molecules possess
20 21electron lone pairs which may facilitate strong coordination. '
Classification within the group of dipolar aprotic solvents
OO OO OA
has also been proposed. ' ' This classification is based on
the idea that solvation pcwer depends mainly on the following 
properties of the solvent: firstly, ionisation power which is
determined by the strength of the solvent as a nucleophile or, as a 
first approximation, by its basicity? secondly, dissociation power 
which is determined by the polarity? thirdly, steric shielding of 
the coordination centres of the solvent.
Dipolar aprotic solvents solvate anions, including 
carbanions, only weakly, rendering them reactive species, with 
solvation increasing as the size and polarisability of the anion 
increases. This solvation power is not sinply a function of the 
dielectric constant or dipole moment of the solvent, but is 
determined primarily by the solvent’s ability to donate protons or
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DIPOLAR APROTIC SOLVENTS
SOLVENT DIELECTRIC CONSTANT
(E)
ACETONE 21
HEXAMETHYLPHOSPHORAMIDE 30
N-METHYL-2-PYRROLIDONE 32
N,N-DIMETHYLFORMAMIDE 37
ACETONITRILE 36
DIMETHYL SULPHOXIDE 47
SULFOLANE 44
TABLE 3.1.
DIELECTRIC CONSTANTS FOR SOME DIPOLAR APROTIC SOLVENTS.
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electrons, with solvation decreasing along the series:
H20 >  MeOH »  DMSO >  DMF >  HMPT
The situation is reversed for the solvation of positive 
25 26 27charge ' ' , including delocalised transition states, which
are strongly solvated, especially in dimethyl sulphoxide, vfoere a
high electron density is carried on the unscreened oxygen atom. The
dipolar aprotic solvents used in the investigations leading to these
28 29conclusions were mainly dimethylfomamide ' dimethyl
30_3c 36
sulphoxide , and hexamethy lphosphorami de . Accordingly
cation solvation decreases along the series:
HMPT >  DMSO >  DMF >  1^0 >  MeOH
37 38Investigation ' has also shown that due to the proton 
acceptor properties of dipolar aprotic solvents, neutral species 
containing N - H and C - H entities will be strongly solvated 
via free electron pairs on the solvent electron donor atom.
3.1.3. Dimethyl Sulphoxide (DMSO)
It would seem pertinent to briefly introduce the solvent 
dimethyl sulphoxide in addition to the general discussion on dipolar 
aprotic solvents, as it was used extensively in the development of
the detritiation technique presented, and subsequently in the
initial experiments involving heterocyclic bases.
Dimethyl sulphoxide is a transparent liquid possessing a high
39 40dipole moment (4.3 ± 0.1 D) and dielectric constant (46.4 at
25°C), rendering the material highly polar and strongly
associating.
The crystal structure is shown in Fig. 3.1. f being pyramidal
with the su lphur-oxy gen bond a resonance hybrid of a semi polar
' 42 43double bond; and a (p-d)T sulphur-oxygen double bond: '
H3CN+ . H3C
s-o - » s=o
h3c h3c
The strongly polar sulphur-oxygen bond has oxygen playing the 
electronegative part with respect to sulphur.
Self association is evident in the solvent, as shown by its 
high boiling point (189°C) and entropy of activation (29.6
cal. deg.” m^ol )^, involving 0 - H^, S - and S - 0
44 . .bridging . The compound also shews a reluctance to self-ionise
and, although possessing a highly polar sulphur-oxygen bond, there 
is no marked activating effect on the c« - CH bond, this being less
3
acidic than even diphenylmethane by a factor of 10 . The methyl 
sulphinyl carbanion is only formed with very strong bases at 
elevated temperature.
The very good electron donor properties and high dielectric
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HFIG. 3.1.
BOND ANGLES AND BOND LENGTHS IN DIMETHYL SULPHOXIDE41 
(crystal forms monoclinic; space group P2,j/a).
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constant makes dimethyl sulphoxide a very interesting solvent in 
vjhich to study hydrogen isotope exchange reactions.
3.1.4. Heterocyclic Compounds
The term "heterocyclic conpound" enconpasses a whole wealth 
of materials, both naturally occuring and synthetically produced, 
which play an inportant part in the metabolism of all living cells, 
and in large scale industrial processes.
Among the metabolically inportant substances, special mention 
must be given to such vitamins and coenzyme precursors as thiamine, 
riboflavine, adenine, biotin and the family; to the
photosynthesizing pigment chlorophyll, the oxygen-transporting 
pigment haemoglobin, to the purine and pyrimidine components of 
nucleic acids; to the amino-acids histidine and proline and to 
hormones such as serotonin and histamine. Heterocyclic drugs such 
as penicillin antibiotics and antihistamics have been in widespread 
use for a number of years, as have heterocyclic pesticides e.g. 
paraquat and rotenone, and dyes.
Many molecules not commonly thought of as being heterocyclic 
nevertheless have rings containing a heteroatom. Where facile 
ring-chain tautomerism exists, as in glucose and other 
hydroxyaldehydes, the heterocyclic character may not be of great 
interest, but this character can not be overlooked when the rings 
are fairly stable as in ethylene oxide and phthalimide. /
45Earlier research in this Department has been concerned
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with proton transfer processes from heteroaromatics, and it seemed a
logical extension to this work, to utilise the basic nature of these
compounds to study proton transfer reactions in non-aqueous media.
A number of classes of heterocyclic compounds were chosen for study.
Pyridines are examples of typical I f '  deficient N - heteroaromat ics.
Here nitrogen is the sole heteroatom in an unsaturated environment.
2The doubly-bound ring nitrogen may be thought of as being sp 
hybridised, the lone pair occupying a o ' orbital in the plane of the 
ring. Here nitrogen has dual character, attracting electron density 
from the ring, and releasing it to a proton when forming a salt.
- Excessive N - heteroaromatics have also been used in 
this study, namely pyrrole, imidazoles, benzimidazoles and purines. 
In these ring systems, nitrogen is in an electron releasing 
environment (= CH - NH - CH =). In pyrrole, the nitrogen atom adds 
its lone pair of electrons to the system making an aromatic 
sextet and rendering the substance only very weakly basic. This 
situation is modified in the other compounds where one or more = N - 
structures are present in the ring and basicity is increased.
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3.2. EXPERIMENTAL
3.2.1. Solvents
Stringent precautions were again enployed in this study to 
ensure solvent purity and to eliminate any traces of water from the 
experimental systems.
Dimethyl sulphoxide was purified and dried by freezing an 
amount of the solvent in an ice-water bath, until approximately 
ninety per cent of the initial liquid was frozen. The remaining 
liquid was decanted off and discarded. The purified solvent was 
stored over Linde type 4A molecular sieve under a calcium chloride 
filled drying tube.
Sulpholane was purified by heating two litres of the solvent 
to 210°C with polyethylene sulphone (20g) and anhydrous potassium 
fluoride (lOg). The mixture was stirred for twenty four hours under 
a constant stream of dry nitrogen to remove any volatiles present. 
The solvent was then vacuum distilled under nitrogen (b.pt. 90 - 
94°C/0.3 mn Hg) through 8" glass helices.
D imethyIformami de was stored over Linde type 4A molecular 
sieve prior to distillation under reduced pressure (b.pt 80°C/160 
mn, lit. 76°/39 rrm)45.
Tetrahydrofuran was refluxed with and then distilled from 
lithium aluminium hydride (b.pt. 64 - 65°C, lit. 65.4°C)4  ^ and 
stored over calcium hydride.
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Dry ethanol was prepared by the method outlined in Chapter
One.
Trifluoroacetic acid, analytical grade, was obtained from 
Aldrich Chemicals and used without further purification.
3.2.2. Bases
With the exception of 6-aminobenzimidazole, all of the 
organic bases used in this study were obtained from comtercial 
sources. Prior to use, all compounds were purified either by 
recrystallisation or distillation, the purity being checked by 
carrying out nmr analyses.
6-Aminobenzimidazole was prepared by the catalytic 
hydrogenation of 6-nitrobenzimidazole using 4% palladium on carbon 
catalyst in methanol. On removal of the solvent, the product was 
recrystallised from water (m. pt. 163-165°C., lit.l66-167°C)47
Stock solutions of the bases in the required solvents were 
made up by weight and experimental concentrations determined simply 
by dilution of these stock solutions.
3.2.3. Tritiation of Diethyl Malonate
The compound was labelled as follows:
Sodium carbonate (0.3g) was placed in an airpoule with freshly
3 3distilled diethyl malonate (lan ) and dioxan (0.5 cm ).
Tritiated water (5yuul , 50Ci/ml) was added and the anpoule sealed and
left at room temperature for seventy two hours.
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The tritiation was stopped by adding the contents of the 
ampoule to anhydrous sodium sulphate. The solution was filtered and 
some of the tritiated mterial dissolved in deuterated chloroform 
and tetramethylsilane and sent for and nmr analyses. The 
resulting spectra are shown in Fig. 3.2. indicating single labelling 
in the methylene position.
3.2.4. Kinetics of Detritiation
The method for studying detritiation reactions in these 
systems is a modified procedure of that introduced in Chapter One. 
In non-aqueous media, it was found necessary to add 5/d. of 
trifluoroacetic acid to the reaction solution prior to addition of 
the labelled substrate. In the quenching of the rection, 0.1 M
hydrochloric acid was used as the aqueous phase, rather than water.
With the exception of the hexamethylphosphoramide systems, all 
kinetic determinations were performed at 50 ± 0.1°C. In the case
of hexamethylphosphoramide it was necessary to reduce the reaction
temperature to 25°C, to eliminate substrate detritiation by the 
solvent.
3.2.5. Radio-Gas Chromatography
Samples for radio-gas chromatographic analysis were prepared 
as follows:
3
The detritiation of H diethyl malonate was performed with a 0.2M
imidazole in dimethyl sulphoxide solution as base. After
approximately ten to twelve half-lives of the reaction had been 
3 .completed, a 2cm aliquot of the solution was removed. This 
sample was freeze-dried to remove imidazole, and chromatograms
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DIETHYL MALONATE
A: 1H nmr SPECTRUM
T ---------------1-----------------1---------------1----------------1--------------- 1---------------1---------------1---------------1----------------1-------  1--------------- 1
11 10 9 8 7 6 5 4 3 2 1 0
B: 3H (1H decoupled) nmr SPECTRUM
y V_
10
FIG. 3.2.
Nmr SPECTRA OF DIETHYL MALONATE•
obtained from the resulting liquid mixture. The column used for the 
separation of trifluoroacetic acid, dimethyl sulphoxide and diethyl 
malonate was a 10% O J ll on chrcmosorb 80 - 100 mesh at an oven 
temperature of 145°C.
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3.3. RESULTS AND DISCUSSION
. . 33.3.1. Base Catalysed Detritiation of H Diethyl Malonate m
Dimethyl Sulphoxide Madia
The base catalysed second-order rate constants for the
3
detritiation of H diethyl malonate by the different classes of 
heterocylic compounds in dimethyl sulphoxide media are given in 
Tables 3.2, 3.3, 3.4, and 3.5. A typical detritiation plot is shown 
in Fig. 3.3. from data in Table 3.6.
It is evident from the results presented that the rate of 
detritiation of the labelled carbon acid substrate is affected by 
substituents present on the heterocyclic ring. Firstly consider the 
group of imidazole compounds, the results of which are shown in 
Table 3.2. Any substitution on the five-membered ring will modify 
the stability of the highly solvated protonated base formed. In the 
resonance structures shown below, electron donating groups at X or Y 
will stabilise any positive charge to some degree, thereby lowering 
transition state energy and increasing the rate of substrate 
detritiation.
BASE ' k^/M-1s‘1 RELATIVE RATE
IMIDAZOLE 2.24(-0.05) x 10-2 1.00
1-Me IMIDAZOLE 1.19(-0,02) x 10‘2 0.53
2-Me IMIDAZOLE 0.168(-0.007) . 7.50
1,2-Mb2 IMIDAZOLE 0.114(-0,002) 5.09
2-Et,4-Me IMIDAZOLE 0.439(-0.006) 19.60
1-BENZYL, 2-Mb IMIDAZOLE 4.95(^0.17) x 10“2 2.21
2,4,5 TRIPHENYL IMIDAZOLE 3.62(-0.08) x 10"5 0.0016
4-no2 IMIDAZOLE NO DETRITIATION -
TABLE 3.2.
BASE CATALYSED SECOND-ORDER RATE CONSTANTS, kl FOR
D
DETRITIATION OF 3H DIETHYL MALONATE IN DMSO AT 50°C.
BASE kI /M“1s“1 RELATIVE RATE
BENZIMIDAZOLE 2.23(-0.1) x 10~3 1.00
2-Mb BENZIMIDAZOLE 1.30(to.06) x 10"2 5.83
2-Ph BENZIMIDAZOLE 3.69(^0.04) x 10“4 0.17
2-NH2 BENZIMIDAZOLE 0.147(to.001) 65.92
6-NH2 BENZIMIDAZOLE 1.58(^0.08) x 10“2 7.09
6-N02 BENZIMIDAZOLE 3.67(^0.09) x 10“5 0.016
TABLE 3,3.
BASE CATALYSED SECOND-ORDER RATE CONSTANTS, kl FOR□
DETRITIATION OF 3H DIETHYL MALONATE IN DMSO AT 50°C.
BASE
kB RELATIVE RATE
PYRIDINE 2.14(^0.05) x 10~4 1.00
2-Me PYRIDINE 6.80(^0.16) x 10“4 3.18
3-Me PYRIDINE 3.54(-0.1) x 10-4 1.65
4-Me PYRIDINE 7.48(-0.1) x 10“4 3.50
4-BENZYL PYRIDINE 3.74(±0.2) x 10"4 1.75
2-ACETYLPYRIDINE NO DETRITIATION -
TABLE 3.4.
BASE CATALYSED SECOND-ORDER RATE CONSTANTS, kg , for 
DETRITIATION OF 3H DIETHYL MALONATE IN DMSO AT 50°C.
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, BASE kQ /M s
PURINE NO DETRITIATION
6-NH2 PURINE 1.38(^0.05) x 10"3
ADENOSINE 2.88(^0.08) x 10“4
PYRROLE NO DETRITIATION
PYRAZOLE 3.75(-0.2) x 10“6
TABLE 3.5.
BASE CATALYSED SECOND-ORDER RATE CONSTANTS, kg , 
FOR DETRITIATION OF 3H DIETHYL MALONATE IN 
DMSO AT 50°C.
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5.3
5.1
slopes -  5 .3 8 x 1 0 “ ^ min
4.9 la k = 0.124 min” 1
4.7
4.5
400 10 20 30
tim e /  minutes
■FIG. 3.3.
DETRITIATION OF 3H DIETHYL MALONATE BY 0.0400M IMIDAZOLE 
BASE AT 50- 0.1°C.
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SAMPLE
SAMPLING
time/mins
COUNTS PER 
MINUTE Cj
log Ct
1 0 211 100 5.325
2 4 165 000 5.215
3 8 136 800 5.135
4 13 102 500 5.010
5 18 78 600 4.895
6 23 60 900 4.785
7 30 41 400 4.615
8 40 24.200 4.385
TABLE 3.6.
DETRITIATION OF DIETHYL MALONATE AT 50 t 0.1°C. 
0.0400M IMIDAZOLE BASE.
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This type of behaviour is evident when 2 - methyl, and 2 - 
ethyl, 4 - methyl imidazoles are employed as base catalysts.
When an electron withdrawing group is present on the ring, in 
this study a nitro group in the 4 position, the transition state 
energy is drastically increased due to the destabilisation of the 
protonated base, and no substrate detritiation is observed.
As previously mentioned, in dimethyl sulphoxide media, and in
dipolar aprotic solvents in general, heterocyclic conpounds
containing the N - H entity will be highly coordinated via the
37 38free electron pairs on the dimethyl sulphoxide oxygen atom. '
If this node of solvation is removed by substitution in the 1 
position, a relative retardation in rate is observed, even though 
the substituted group may be electron donating.
Presumably this behaviour is due to a change in solvent 
structure around the base and consequently a less energetically 
favourable transition state being formed. This is shown in the rate 
constant for 1 - methylimidazole being slower than that for the 
parent compound, the opposite to that expected on the basis of pK& 
data in water, and the less than expected rate enhancement for 1,2 - 
dimethylimidazole and 1 - benzyl, 2 - methylimidazole when compared 
with 2 - methylimidazole. The slow rate of detritiation when 2,4,5 
triphenylimidazole is used as base catalyst is presumably due to 
steric crowding.
It is interesting to note at this point that imidazole is a
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much stronger base in dimethyl sulphoxide than the other ~Ti - 
excessive N - heteroaromatics, pyrrole and pyrazole. The reason for 
the weakly basic properties of the former compound has already been 
discussed. It would seen that in the case of pyrazole(I), the 
weakly basic nature steins from the strong resonance in the neutral 
species which receives a significant contribution from (II) shown 
below,
U) (ID (m)
a form that must be much more stable than the corresponding
imidazole form (III), because the separation of charge is minimal.
This concept, that the neutral molecule of pyrazole is
thermodynamically more stable than that of imidazole, is borne out
48be resonance energy studies.
3The second-order rate constants for detritiation of H 
diethyl malonate by benzimidazole base catalysts are shewn in Table
3.3. As expected the detritiation rates are slower than in the 
corresponding imidazole conpounds. Rate enhancement is again 
exhibited by the 2 - methyl substituted compound, the slower rate of 
detritiation with 2 - phenylbenzimidazole as base catalyst being due 
to steric crowding. Rate acceleration over the parent compound is
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also shown for the two electron donating amino compounds, the affect
being greatest when substitution is in the imidazole ring. Early
49work on primary amine base catalysts, indicates that nitrogen m  
the amino group will act as a catalyst, in addition to the ring 
nitrogen, thereby further increasing the rate of substrate 
detritiation. Again, the presence of an electron withdrawing nitro 
.group is seen to drastically reduce the rate of carbon acid 
ionisation.
The rate constants obtained for the pyridine ccnpounds, Table
3.4., are as expected for weakly basic ~ deficient
heteroaromatics. Rate enhancement due to methyl-substitution is 
exhibited with the expected differences for 2,3 and 4 substitution. 
Consider the resonance structures belcw.
Any electron donating substituent on the ring, in this case a
methyl group, will stabilise the protonated base formed, thereby
3increasing the rate of detritiation of H diethyl malonate. This 
stabilisation will be greatest when substitution is in the 2 or 4 
positions where charge may be formally delocalised, with the
- 108
difference in rate between the 2 and 4 methyl pyridine bases being 
due to steric factors favouring the latter. The presence of the 
electron withdrawing acetyl group on the pyridine ring reduces 
basicity and no substrate detritiation is observed.
3Rate constants for the ionisation of H diethyl malonate 
were obtained for the other bases shewn in Table 3.5. Introduction 
of a 6 - amino group into the purine ring system brings about an 
increase in base strength. Adenosine also exhibits basic properties 
due to the 6 - amino group in the purine system rather than any 
catalytic effect due to the sugar residue, an observation bourne out 
by the lack of substrate detritiation when other pentose sugars, 
such as thymidine and uridine are studied.
No substrate detritiation was observed with the if- excessive 
ccnpounds pyrrole, indole and purine and if - deficient pyrimidine as 
base catalysts.
As previously mentioned in the introduction to this chapter, 
a large amount of pK data in dimethyl sulphoxide has beenu
generated by Bordwell and co-workers. Unfortunately, the compounds 
employed in the present work have not, as yet, been studied and 
relevant correlations between rate and pK values have not been 
possible. However, tentative conclusions may be drawn from rate 
data in dimethyl sulphoxide and thermodynamic values in water, but 
great care must obviously be exercised. Qualitatively, it would 
seem that weak bases in water, such as indole and pyrrole are, as 
expected, still weak bases in dimethyl sulphoxide. In general the
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kinetic data in dimethyl sulphoxide is mirrored by the basic pKa
values of the heteroarcmatics in water. However, as we have seen in
the case of imidazole (pKa ^ 0  = 7.2) ' and 1
50methylimidazole, (pK H00 = 7.4) this is not necessarily the
a  Z
3
case, with a reversal in the expected rate of detritiation of H 
diethyl malonate.
. . 33.3.2. Base Catalysed Detritiation of H Diethyl Malonate m  
Various Solvents
The base catalysed second-order rate constants for the
3 . .detritiation of H diethyl malonate by imidazole bases in a number
of solvents are given in Table 3.7. Relative rates of detritiation 
in all the media studied, are shewn in Table 3.8, and Arrhenius data 
for the hexamethylphosphoramide system is presented in Table 3.9. A 
number of observations may be made.
The rate of substrate ionisation in dipolar aprotic solvents 
generally decreases in the order:
DMSO >  HMPT* >  DMF >  SULPHOLANE
(* derived from Arrhenius data)
with values for tetrahydrofuran and ethanol being intermediate 
between dimethylformamide and sulpholane.
For the individual catalysts the ratio the
former in dimethyl sulphoxide and the latter generally in sulpholane
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TEMP. /°C TEMP./K 1/t emp./k“1 k J / M - V 1 In. kj
20 293.15 3.41 x 10~3 3.58 x 10"3 -5.630
25 293.15 3.35 x 10“3 4.81 x 10"3 -5.335
30 303.15 3.30 x 10-3 6.15 x 10“3 -5.090
EXTRAPOLATION GIV/ES iJ = 1.64 x 10’2 M“1s~1 at 50°C.
D
TABLE 3.9.
ARRHENIUS DATA AND RESULTS FOR THE DETRITIATION OF 3H DIETHYL MALONATE 
BY IMIDAZOLE BASE IN HEXAMETHYLPHOSPHORAMIDE.
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is small and in the range 2.4-7. In all solvents the effect of
substituents on the imidazole ring modifies the rate of detritiation 
3of H diethyl malonate, as was the case in the dimethyl sulphoxide 
systems discussed earlier.
Correlation between log kL and the inverse of theB
dielectric constant for the dipolar aprotic solvents is shown in 
Fig. 3.4., with imidazole as base catalyst. This plot would seem to 
indicate that although a reasonable correlation is obtained for 
hexamethylphosphoramide, dimethyIformamide and sulpholane, this type 
of treatment is not sufficient to explain the rate information 
obtained for the dimethyl sulphoxide system.
The dielectric constant of a material is very much a 
macroscopic concept of the ability of the solvent to keep solvated 
ions apart, and not a true measure of interactions on a molecular 
scale. Due to its pyramidal structure and resulting low steric 
shielding about the oxygen donor atom, dimethyl sulphoxide is able 
to readily donate electrons (a property only exceeded by 
hexamethylphosphoramide), and it is this ability, in conjunction 
with its large dipole moment and high dielectric constant value, 
that makes dimethyl sulphoxide such a good coordinating solvent for 
positively charged entities.
The vastly different nature of tetrahydrofuran and ethanol 
must be taken into account when evaluating their role as solvents. 
The extremely low dielectric constant of the former, dictates that 
solvation will be dependent upon weak forces such as dispersion,
- 114 -
3 .6 r
4.0-
OHMPT
DMFe
4.4
©SULPH.
4.8
0.02 0.04
FIG. 3.4.
PLOT OF 1/P VERSUS Log kl FOR DIPOLAR APROTIC SOLVENTS
e B
WITH iniDAZOLE AS BASE CATALYST.
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induction and directional forces, all of which are non-specific, 
thereby minimising interaction between solute and solvent. The mode 
of solvation in the latter medium is a result of its protic nature,
i.e. the ability to act as a hydrogen bond donor, thereby greatly 
solvating the carbanion produced in the exchange process. This is a 
direct reversal of solvation in dipolar aprotic solvents.
In assigning a detailed mechanism to the process of hydrogen 
isotope exchange in non-aqueous media, the role of trifluoroacetic 
acid must be determined. Early studies indicated that substrate 
detritiation by the solvent would be a problem, even after rigorous 
purification of the medium. The addition of a small amount of 
trifluoroacetic acid halted this solvent induced detritiation, 
presumably by neutralising any basic species, such as mercaptans, 
present.
In exchange processes in aqueous media, reaction between the 
carbanion formed on ionisation and solvent water, results in the 
regeneration of base and unlabelled carbon acid. Obviously this 
type of mechanism is not possible in dipolar aprotic solvents which 
do not possess easily exchangeable protons.
Radio-gas chromatographic analyses on kinetic sanples, shewed 
that the only radioactive signal present corresponded to the 
trifluoroacetic acid mass peak. This may be explained by the three
step reaction scheme shown in Eqns. 3.1, 3.2 and 3.3, in which 
trifluoroacetic acid is seen to be actively involved in generating 
unlabelled carbon acid and, in this case, imidazole base.
116 -
R -T  + Eqn.3.1
R~+ CF3 COOH > RH +  CF3 COO- Eqn.3.2
i  CF3 COOT + Eqn.3.3
T
Here, the role of the solvent is one of a coordinating medium 
for the reaction, rather than being directly involved in the 
mechanism, as in the corresponding aqueous systems, once again 
illustrating the complex nature of water as a solvent.
In conclusion, this study has shewn that rate data concerning 
the kinetic acidity of carbon acids may new be obtained in a range 
of solvents using a straightforward radiotracer method. This 
treatment can conceivably be extended to a whole range of carbon 
acid substrates, organic bases and solvents.
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4.1. INTRODUCTION
4.1.1. The Nitroalkane Anomaly
Daring recent years, nunerous studies of the reactions
involving carbon acids with bases have been reported,'*' yielding
2
information concerning pKa values, substituent _ effects upon
. 3acidities , etc. Acidity measurements have been carried out in 
both aqueous- and alcoholic-dimethyl sulphoxide solutions, but the 
widely differing acidities of carbon acids often requires
measurements of kinetic data to be made in different solvent 
systems, thus rendering their direct comparison difficult.
This problem has been overcome by carrying out quantitative
studies of the influence of solvent composition upon the forward
1 4-9(kj,) and reverse (k_^ ) rate constants of equations 4.1. '
R-jR^CH + B“ ^  R1R2R3C” + BH (eqn. 4.1.)
Results may be interpreted in terms of the reaction mechanism, and
used to assess the nature of the transition state for proton
abstraction,in addition to providing extrapolated data for
comparison purposes. Hcwever, the detailed dependence of reaction
rates upon solvent composition is normally proportional to the
substrate's thermodynamic acidity (pK value).’*'a
The acidities of nitro compounds has been one of the most 
extensively studied of all classes of carbon acid reactions. In 
general, introduction of a nitro group into a hydrocarbon
- 122
considerably enhances the thermodynamic acidity of the C-H bond, for
exairple, the pK of methane has been estimated as high as 58,^ a
whereas nitromethane has a pK of 10.2 at 25° in water.^a
It has been known for same time, that an inverse relationship
between the rate of proton abstraction by hydroxide ion and
thermodynamic acidity, exists in the series nitromethane (pKa
12 12 
10.2), mtroe thane (pK& =  8.60) and 2-nitropropane
12 .(7.74). Here, a successive introduction of methyl groups would
be expected to decrease substrate acidity through the operation of
the inductive effect but increase acidity by hyperconjugative
stabilisation of the nitronate anion formed on ionisation, viz.
CH.CH.ftf — ”2°  ^  H3C—C H = f/ (eqn.4.2.)
3 2 \  h30+ V
It would appear that in the case of these nitroalkanes, the latter 
contribution is the more .important. This exairple of the nitroalkane 
anomaly has been the subject of considerable discussion and several 
possible explanations have been proposed.
13 14 15Bor dwell and co-workers ' ' conclude that in the
deprotonation of these compounds the transition state can not be 
product-like since it fails to reflect the stabilising effect of 
nethyl substitution on nitronate ion stability, and that hydrogen
- 123 -
bonding of the solvent to oxygen atoms present in the nitronate ion 
has not became important in the transition state. Anionic 
intermediates are postulated with appreciable negative charge being 
developed on carbon which is not delocalised to any marked degree to 
the nitro group. A multistep mechanism has been proposed, the slow 
proton transfer step resulting in the formation of a pyramidal 
nitrocarbanion which subsequently is converted in a rapid step into 
the planar nitronate ion.
Substituent effects on the rate of reaction operate on the 
slow step with a nearly pyramidal transition state, in which the 
partial charge is accessible to the methyl group whereas substituent
effects on the equilibrium will be largely determined by changes in
the stability of the nitronate ion, the stabilisation of which is
largely borne by hydrogen bonding to the solvent. Hence, it is
argued that the effect of the substituent on the free energy of the 
transition state will be different to the effect on the free energy 
of the nitronate ion.
b"+ h-c-no2 ^
B".. . . H
BH +
(eqn. 4.3.)
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1 6Kresge explains the anomalous behaviour in the series as 
being due to the existence of several opposing interactions with 
different effects on the transition state than on the reactants, and 
concludes that this behaviour is especially likely to occur with 
conpounds that ewe their acidity to the presence of groups capable 
of removing negative charge from the vicinity of the proton transfer 
site, and usually also from the neighbourhood of substituents 
introduced for the purpose of varying the acid strength.
17Agmon has attributed the observed inverse relationship on
a variation in hydrogen bond strengths with the free energy for
proton transfer, rather than as an anomaly in the proton transfer
18stage itself, whereas Okuyama et al. attribute the anomaly to 
the necessity for extensive nuclear rearrangement and charge 
relocation to take place upon proton loss.
When rates of ionisation of carbon acids are studied in
dimethyl sulphoxide-water systems, it has been shown^ that there
is a tendency for the rate acceleration on changing solvent
composition to be related to the pKa of the substrate. This
Hresults in a plot of log k^- versus the acidity function (see
section 4.1.3.) having a slope of unity, inplying a product-like
transition state. As thermodynamic acidity increases the slope of
the plot is seen to decrease.^ Although the ionisation of
19nitroethane has been studied in dimethyl sulphoxide-water media, 
nitroalkanes have not been subjected to such a study involving the 
acidity function correlations. It was therefore decided to study
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the base catalysed ionisation of the nitroalkanes using stopped-flcw 
techniques, in dimethyl sulphoxide-water solutions of varying 
solvent composition, and in methanol-methoxide media, in an effort 
to further elucidate transition state structure and determine 
solvent dependence in the reaction. Primary hydrogen isotope 
effects on the rate of ionisation of nitromethane in mixtures of 
water and dimethyl sulphoxide were also determined.
4.1.2. Acidity Functions in Media Containing Dipolar Aprotic
Solvents
The acidity function H_, is a measure of the ability of a 
basic solution to abstract a proton from a neutral acid, as defined 
in equation 4.4.
H-  = - Lo9i o V r A h  ■ p K r H+ L ° 9i0<IR1/ 'RH|) < « * • ■  4 - 4 - )
where a denotes activity, f activity coefficients and [] the 
concentration of carbanion and carbon acid respectively.
The fact that the hydroxide ion in aqueous media is
extensively solvated, inhibits its ability as a base. This is
evident in media to which a dipolar aprotic solvent is added. When
such a solvent is added to a 0.1M solution of tetramethylammonium
20hydroxide in water, the H_ of the medium gradually increases
- 126
from a value of twelve in purely aqueous conditions, to twenty six 
in 99.5 mole % dimethyl sulphoxide, an increase of 14 powers of 10 
in basicity.
21This behaviour has been explained by Stewart in terms of 
the effect of the aprotic solvent on the equilibrium described in 
eqn. 4.5.
RH + CH"(H20)n^=iR” + (n + Df^O . (eqn. 4.5.)
Anions, especially those of small-size and localised charge, 
are much stronger bases in these mixed solvents due to the lack of 
hydrogen bonding interaction with the medium, and therefore are much 
less solvated than in aqueous solution. The hydroxide ion activity 
will therefore be raised and the equilibrium will be shifted to the 
right corresponding to an increase in hydroxide ion basicity.
The addition of dimethyl sulphoxide will also result in a 
decrease in water activity, by both a dilution effect and also by
the ability of dimethyl sulphoxide to conplex with water
22 23molecules. Experimental results for the activity of water
in dimethyl sulphoxide-vater mixtures, have shown that as the water
content decreases, so does its activity coefficient. If the
hydration number of the hydroxide ion is taken as three, the
position of the equilibrium, and hence the basicity of the solution
will depend at least on the fourth pcwer of the water activity.
Even so, the major factor in the increased basicity of the solution,
is the greatly enhanced activity of the hydroxide ion.
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4.1.3. Correlation of Rate with Acidity Function in Highly Basic 
Madia
24Kollmeyer and Cram have shewn that for isotope exchange 
reactions catalysed by base, as shown in equations 4.6 and 4.7, then 
equation 4.8 holds,
(eqn. 4.6.) 
(eqn. 4.7.)
log10 kobs = H- + loSio \  + octant (eqn. 4.8.)
where a is the activity of the solvent, and a linear correlation
W
between log10 k ^  and H_ is e x p e c te d .
For investigations of reaction kinetics in solution, it has
g
been argued that three conditions should be satisfied; (1) the 
rection mechanism should be unambiguous; (2) the reaction should be 
studied over a wide H_ range; and (3) studies should be carried out 
in media where ion association is preferably absent, or if present, 
can be estimated.
Several studies involving this type of correlation have been
nc c.
carried out, for exanple acetophenone, dimethyl sulphoxide,
26 27oi - cyano-cis-stilbenes, 1,3 - diphenylindene, various
po pq on
fluorenes and a variety of other conpounds ' have been
studied in this way. Similar correlations between log k and ApK
31values have also been carried out on (-)-menthone and
SH + B kik_i ^  S + BH
S + * 2°
k2 >  SH + CH
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nitroethane.^
It is inport ant to note that log k versus H_ correlations are
best used as a guide to transition state structure in reactions
32 33where the mechanism is already established. 9 In this respect, 
slopes of the plots of log k versus H_ have been discussed in this
0*7 0 >|
light and likened to Bronsted 6 coefficients. ' The main 
interest, therefore, is the magnitude of the slope in the 
correlation, with slopes,of unity taken to represent the fact that 
bond making between base catalyst and proton is almost complete, and 
decreasing values reflecting an increasing resemblance between the 
transition state and the reactants.
It should also be stated that a linear log k versus H_ plot 
may be taken as an indication that there is no change in mechanism 
taking place as solvent composition is changed.
4.1.4. Stopped-Flow Techniques
When the half-life of a proton transfer process is in the 
millisecond region, the technique of "stopped-flow" may be employed 
to measure the rate of substrate ionisation. The stopped-f low 
spectrophotometer' is a carrplete system for rapidly mixing two liquid 
reactant solutions and measuring their change in optical 
transmission as a function of time. The system derives its name 
from the fact that the flew of sample is stopped immediately after 
mixing to permit observation of changes in optical characteristics, 
without interference from turbulence or flow artifacts. The
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reaction in solution is observed by photometrically monitoring the 
transmission of light through a port in the mixing chamber cuvette. 
The output level, sensed by the photoelectric photometer, is 
displayed on a television monitor against reaction time. 
Monochromatic light is used in the photometer system so that each 
reaction can be studied at its optimum absorption peak.
In the present study, data handling was performed on a
Sinclair ZX Spectrum microcomputer using a programme developed in 
35 .this Department. A functional block diagram of the stopped-f lew 
spectrophotometer system and flow system diagram are shown in Figs. 
4.1 and 4.2 respectively.
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4.2; EXPERIMENTAL
4.2.1. Solvents
Boiled-out, carbon dioxide-free distilled water was prepared 
in the usual manner. Dimethyl sulphoxide was purified by the method 
outlined in Chapter Three, and methanol by the method given in 
Chapter One.
4.2.2. Bases
Stock solutions of sodium hydroxide and sodium methoxide were 
prepared by the methods introduced in Chapter One, and standardised 
by titration with potassium hydrogen phthalate using phenolphthalein 
as indicator.
4.2.3. Nitroalkanes
Prior to use, all substrates were purified by distillation: 
nitromethane b.pt. 100.5°C/760nm (lit. b.pt. 101°C/760irm) 
nitroethane b.pt. 113.5°C/760ntn (lit. b.pt. U4-115oC/760nm)^ 
and 2-nitropropane b.pt. 118-119oC/760irm (lit. b.pt. 
120oC/760nm) d^-Nitrcmethane (Analar Grade) was obtained
commercially and used without further purification. Purities were 
checked by gas chromatography and nmr analyses. Stock 
solutions of the required nitroalkanes were prepared in water.
4.2.4. Kinetic Measurements
All water-dimethyl sulphoxide solutions were prepared by 
weight, and experimental hydroxide ion concentrations were 
determined by titration with potassium hydrogen phthalate in the
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usual manner.
The ionisation of the nitroalkane under study was followed by 
observing the rate of change in optical density with time, at a 
specific wavelength, using a Durrum-Gibson stopped-f low 
spectrophotometer with Sinclair ZX Spectrum data handling. For the 
ionisation of a nitroalkane (SH):
-d I SHI /dt = k^- \ a f \ ISH) (eqn. 4.9)
In all cases there was a ten-fold excess of hydroxide ion over 
H
substrate, and k^- values obtained by dividing the observed 
first-order rate constants, determined from several measurements, by 
a value 5% less than the initial hydroxide ion concentration. 
First-order rate constants were determined by least squares analysis 
of plots of log (Dfc - ) against time, where Dt and
Do6 represent the optical density of the nitroalkane solutions at 
time = t and time = 06 respectively. Rate constants shown are an 
average of several determinations.
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4.3. RESULTS AND DISCUSSION
Rates of proton abstraction from nitromethane, nitroethane 
and 2 - nitropropane catalysed by hydroxide ion in aqueous-dimethyl 
sulphoxide solutions at 25°C have been measured and the data 
obtained is shown in Tables 4.1., 4.2 and 4.3. An exanple of an 
experimental trace of optical density versus time is shewn in Fig.
4.3., and its least squares analyses in Fig. 4.4. from the portion 
of the plot shown in Fig. 4.5.
In order to illustrate the behaviour of these nitroalkanes
Htowards changing solvent composition, plots of log k__- as aOH
function of the H_ of the solutions are shewn in Figs. 4.6., 4.7., 
4.8. and collectively in Fig. 4.9.
H_ values have been determined from data tabulated by Dolman 
38and Stewart which have been corrected for the experimental
hydroxide ion concentration.
The methoxide ion catalysed second-order rate constants for 
the ionisation of the nitroalkane substrates are given in Table
4.4., as are kll. -/kH,- ratios.OMe OH
It is evident from the results presented that a linear 
dependence exists between the rates of proton abstraction and 
acidity function in aqueous-dimethyl sulphoxide systems, which, is 
in itself, characteristic of rate determining proton abstraction, as 
opposed to some subsequent reaction of a carbanion generated in a 
fast reaction step.^
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As already mentioned, the magnitude of the slope of the log
H
k^- versus the acidity function may be taken as an indication of
the degree of proton transfer in the transition state of the
reaction. With Bronsted coefficients of greater than unity observed
13 39m  nitroalkane systems, 9 this type of correlation gives a 
valuable insight into transition state structure.
It may be seen in the correlations presented that
nitromethane and nitroethane exhibit an almost identical response to
changes in solvent composition with slopes of 0.57 and 0.59
respectively. (The latter result is somewhat less than that of 0.67
31determined by Bell and Cox ) These results, coupled with the 
slope of 0.47 observed for 2 - nitropropane are consistent with the 
view that proton transfer is about half complete when the transition 
state is reached.
These findings are in agreement with studies on the solvent
41dependence on the ionisation of nitrophenylmethanes where an 
identical response to changes in solvent composition is observed in 
a range of substrates with pK values spanning approximately tena
units of thermodynamic acidity.
H
Considering the magnitude of the slope d log k -/dH_ as an
(Jri
indication of the resemblance of the transition state to the
1 24reactants or products, 9 weak acids should therefore have
l_l
carbanion-like transition states with d log k^-/dH_ near unity, 
whereas increasing acid strength should shift the transition state 
towards reactants and the slope should decrease. It is therefore,
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perhaps, somewhat surprising that in the nitroalkanes studied, there 
is not a more marked decrease in the d log k_tJ-/dH_ value as
Url
substrate pK, decreases, especially in the cases of nitromethane a
and nitroethane.
These findings seem to indicate that the nature of the 
carbanion formed will differ to seme degree. This is shewn by the 
results obtained in methoxide-methanol media.
As has been discussed in detail in Chapter One, the methoxide
ion in methanol is, in general, a stronger base than the hydroxide
ion in water, with the exception being where the generated carbanion
bears localised negative charge on a single carbon atom, thereby
allowing hydrogen bonding to solvent water. Table 4.4. shows
kJL - values and kJL-/k!!,- ratios for the nitroalkanes under QMe QMe OH
study, and it is evident from these results that there is a definite 
change in the nature of the carbanion formed, with charge becoming 
more localised on carbon as methyl substitution increases, rather 
than being delocalised into the nitro group.
It must be remembered that the nitroalkane anomaly cited has
been observed in polar, protic solvents. In this media it is
42evident that the solvent will play an important explicit role. 
Nitroalkane thermodynamic acidity in a protic solvent will be 
enhanced by hydrogen bonding stabilisation of the nitronate anion 
thus,
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SUBSTRATE . H /*-1 “1 OH-/ 8
. H -1 
OMe"/ S kOMeVkH -OH
NITROMETHANE 28.8 (t 0.4) 126.6 (t 4.1) 4.40
NITROETHANE 4.81 (i 0.1) 8.66 (± 0.27) 1.80
2-NITR0PR0PANE 0.282(^0.01) 0.307(- 0.01) 1.09
TABLE 4.4.
SECOND-ORDER RATE CONSTANTS FOR THE HYDROXIDE AND METHOXIDE ION 
CATALYSED IONISATION OF NITROALKANES AT 25°C.
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+ / 07  HOH
X -C H = N
xo : ......... HOH
Hcwever, this type of solvation will not occur in the 
transition state, where partial negative charge is formed on a 
pyramidal substrate moeity as a result of partial bond breaking.
< r-/«V
base H  C
* X H X
Here, the negative charge, although partial, is much more 
accessible to any substituent, X. Substituents will therefore 
affect the stability of the transition state rather more than the 
nitronate ion. The result being that successive methyl substitution 
is acid weakening with respect to the rate of deprotonation through 
operation of the inductive effect, thereby increasing transition 
state energy, whereas stabilisation of the nitronate anion is 
enhanced both by solvent hydrogen bonding, and hyperconjugative 
stablisation due to the methyl groups, strongly retarding 
protonation.
The experimental behaviour is therefore a result of different 
factors being responsible for the thermodynamic and kinetic 
acidities, and is very much a consequence of the polar, protic 
nature of the aqueous systems in which the inverse relationship 
between pK^ and rate has been observed.
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Primary kinetic hydrogen isotope effects have been determined
H D
for nitromethane by measuring k^- and k^- as a function of the 
mole fraction of dimethyl sulphoxide, X, the results of which are 
given in Table 4.5. Here, the basicity of the medium has been 
increased by the addition of the dipolar aprotic solvent, thereby 
varying the ApK between substrate and catalyst. As may be seen,
a
H D
the magnitude of the isotope effect k^-Zk^- is reduced as the
mole fraction of dimethyl sulphoxide and therefore, the ApK ,a
increases. These observed values are qualitatively in agreement to
previously published values for the ionisation of several 
31 37nitroalkanes ' m  aqueous solution, once again providing 
further evidence supporting the existence of an isotope effect 
maximum when the basicities of substrate anion and catalysing base 
are approximately equal, and the transition state is symmetrical.
A logical extension to this study wuld be to determine 
thermodynamic and kinetic acidities of the nitroalkane substrates in 
a purely dipolar aprotic medium, for exaixple dimethyl sulphoxide, 
where solvent interactions, such as the stabilisation of the 
nitronate anion already mentioned, will be absent.
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